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The Niobrara play in the Powder River Basin (PRB) and Trabing Field reflects a 
continuous-type accumulation with structural deformation and complex stratigraphy 
reflected at all scales. The field was previously studied in order to understand the 
petroleum potential of the Frontier Formation. The work done prior to this study have 
failed to focus on understanding the field-scale structural and stratigraphic architecture, 
and petroleum potential of the Niobrara Formation in the Trabing Field.  
Based on visual core analysis, the Niobrara B chalky marl interval consists of 
four lithofacies including three ichnofacies, whereas the Niobrara C chalky marl interval 
contains five lithofacies with four ichnofacies delineated. The lithofacies follows a 
progressive decrease in terms of the quality of preservation of the laminations. The 
extent to the preservation of the laminations has implications on the oxygen levels and 
organic matter preservation quality. Both intervals are slightly to intensely bioturbated 
while the C chalky marl interval contains more bioturbation. XRD analysis revealed 
marlstone lithology for the cored intervals. Based on the micro scale facies, the main 
diagenetic features include clay alteration and pyritization. SEM displayed interparticle 
and intraparticle pore types. Sequence stratigraphic aspects of the Niobrara Formation 
and cored intervals were studied using gamma-ray logs, gray-scale analysis and XRF 
trends. The sequence stratigraphic framework supported the observations in the 
literature. Based on XRF analyses, quartz content is determined to be terrestrially 
sourced, whereas, calcite formed authigenically and biogenically. S, V, Cr, and Mo 
enrichment took place under reducing conditions.  
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Based on SRA, the B chalky marl interval contains TOC in the range of 2.37-
2.88 wt.%. The C chalky marl interval has 2.04 to 4.78 wt.% TOC. Siliciclastic dilution 
was minimal and sufficient organic carbon was preserved to generate a good source 
rock. Both intervals contains good to excellent source rock potential. Van Krevelen 
diagrams indicated type II-III kerogen. The intervals corresponded to the early oil 
generation window. The organic matter is found mature enough to generate oil and 
associated gas based on Tmax and measured Ro values.  
Water saturation models including Archie’s and Indonesian methods matched 
the measurements taken from shale rock properties. Dual-water and Simandoux 
methods underestimated the water saturation. Organic richness models included the 
Passey and Uranium methods and these models displayed good correlation with TOC 
values obtained from SRA. Brittleness models based on elastic moduli and ECS logs 
displayed variations from the lithology and shear-strain character of the rocks. 
Brittleness models were found useful for capturing the reservoir intervals with improved 
geomechanical character.  
Overall, the reservoir facies were found continuous throughout the Trabing Field 
based on well-log correlations. The B and C chalky marl intervals were defined as good 
reservoir and source units. Bioturbation was found to have positive influence on the 
brittleness. The C chalky marl interval contains slightly better reservoir and source 
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“The mind is not a vessel to be filled, but a fire to be kindled.” – Plutarch  
 






The world and humanity depend on the availability and economic energy sources 
to further advance. Contemporaneous to technological improvements, the significance 
of new discoveries and enhanced energy sources become unquestionable. The earliest 
periods of oil and gas exploration were focused on applications of conventional methods 
to discover and produce hydrocarbons. This evolved with technology and increased 
efficiency over time by practical and theoretical experiences. Challenges faced in 
recovery methods, increased number of depleted petroleum sources and nature of 
energy as an essential element of human life, forced explorers to think 
unconventionally. The unconventional petroleum applications have been developing, 
evolving and have produced encouraging results.  
The primary goal of unconventional petroleum exploration is to recover 
hydrocarbons from continuous petroleum systems using technology, in which 
hydrocarbons are still in their primary migration phases. The hydrocarbons occur mostly 
in their intervals of generation and are estimated to contain massive volumes of 
petroleum resources. Oil and gas production from the Niobrara Formation is currently 




Figure 1.1 Oil Production in the Rocky Mountain Region and activities on the Niobrara 
Formation focusing on advances in unconventional exploration (Energy Information 
Administration). 
 
The geological mechanisms that were once active in the North American craton 
led to the opening of an inland epeiric seaway named, the Western Interior Seaway 
(WIS) (Figure 1.2).  
Within the WIS basin, the Powder River Basin (PRB), one of the most prolific 
basins in the Rocky Mountain Region, has been gaining attention in terms of its 
petroleum potential. Activities in the basin have increased since unconventional 
petroleum exploration efforts have been producing promising results. Delineation of 
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structural and stratigraphic architecture of rocks in the PRB is fundamental to 
understand the petroleum geology.  
 
Figure 1.2 Paleogeographic setting of the WIS during deposition of the Niobrara 
Formation (Blakey, 2014). Star indicates the location of the study area. 
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As marine depositional sequences, the Niobrara Formation was deposited in 
open marine conditions and defined as an alternating sequence of chalk intervals and 
marls containing numerous reservoir intervals (e.g chalk intervals) directly in contact 
with the source beds (e.g. marls).  
The Niobrara Formation has been a focal point of petroleum explorers in the 
Rocky Mountain Region for decades due to its potential to generate substantial 
amounts of natural gas and oil. The Niobrara Petroleum System is located in most of 
the Rocky Mountain Region basins (Powder River, Denver-Julesburg, Laramie, Hanna, 
Sand Wash, Piceance, North Park, San Juan and Raton).  This area is known to host 
numerous active petroleum systems with a production history that dates back to the 
beginning of 20th century. 
No study has been conducted for the Niobrara Formation in the study area, the 
Trabing Field, Wyoming. Thus, this project aims to create a detailed stratigraphic, 
petrographic, structural and petrophysical framework to better understand and provide 
source-reservoir rock attributes of the Niobrara Formation in the western PRB.  
 
1.1 Motivation/Significance of the Project 
The understanding of the mudrock geology is in its pioneering stages. As 
scientists keep contributing knowledge to mudrock geology, the realization for their 
potential as hydrocarbon resources has triggered a solid motivation towards the 
Niobrara Formation and its equivalent lithologies throughout the WIS. Moreover, the 
PRB, one of the northernmost prolific basins in the Rocky Mountain Area, reflects 
unique depositional conditions and unconventional petroleum system elements in the 
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Niobrara Formation. The basin has been gaining attention for its hydrocarbon potential 
in the state of Wyoming (Figure 1.3). More notably, effectiveness of unconventional 
approaches has revealed a significant potential of the Niobrara Formation.  
 
Figure 1.3 Production from the State of Wyoming depicting an increase in production 
numbers in accordance with an increase in the activities (Data compiled from EIA). 
 
Geological elements that make up the Niobrara Formation in the PRB also 
influenced the character of hydrocarbons produced. The Niobrara Formation is an 
important self-sourced natural gas and oil play. The play includes all aspects of a large 
resource play incorporating carbonate-rich chalky reservoir units alternating with 
thermally mature marl source beds. The Niobrara Formation has been exploited for its 
thermogenic/microbial gas and oil reservoirs (Figure 1.4). The thickness of the Niobrara 
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changer in exploration, production and appraisal. The formation produces mainly from 
natural/induced fracture and fault networks. The fracture domains are means of fluid 
transport characteristics in the subsurface for unconventional reservoirs. In the case of 
the Niobrara Formation, the natural fractures are attributed to local/regional tectonics, 
regional orthogonal fractures (horizontal stress patterns), salt dissolution, character of 
overburden rocks (lithology, thickness, etc.) and hydrocarbon generation (Sonnenberg, 
2012). 
 
Figure 1.4 Monthly production rates from Niobrara TPS in the state of Wyoming 
depicting the increase in production numbers in accordance with increasing 
unconventional exploration, last updated September 2018. 
  
Overall, the Niobrara Formation is a desirable unconventional target based on its 
reservoir lithofacies (alternating chalk-marl), diagenetic features and a tectonic history 
permitting adequate hydrocarbon generation. Source rocks in the Niobrara Formation in 
general reflect sufficient TOC content (1-8 wt.%), mature organic matter and close 
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proximity to chalky reservoir intervals that yield the source rock intervals to contain a 
continuous oil column. The total organic carbon (TOC) content in the marls range 
between 1-8% where stable depositional conditions prevailed. In westernmost parts of 
the basin, TOC values of 1-3% occur due to dilution by siliciclastic sedimentation 
(Sonnenberg, 2013). In addition, the PRB reflects attenuated volumes of carbonate 
deposition due to its northern location. The hindered carbonate content is not only 
attributed to the weakened influence of southern originated currents carrying organisms, 
but also the PRB being close to the siliciclastic sediment source areas to the west. The 
Niobrara Formation has a higher chalk content in southern areas. The PRB has a 
weakened influence of the warmer Gulfian waters carrying carbonates and increased 
influence of cold Arctic waters based on paleogeographic reconstructions.  
1.2 Purpose and Objectives of the Study 
This study aims to perform a comprehensive geologic characterization to assess 
the petroleum potential of the Niobrara Formation "B” and C” chalky marl intervals in the 
Trabing Field, western PRB. A detailed study will be conducted via multidimensional 
(3D) core analysis, well-logs, interpretation of available datasets, as well as, addition of 
particularly important analyses and extensive literature review to reveal the hydrocarbon 
potential of the Niobrara Formation in the Trabing Field, Johnson County, Wyoming. 
The objectives of the study are to: (1) lithologically define the Niobrara Formation 
by core analyses, petrographic thin section studies, SEM analysis and datasets 
including SRA (source rock analysis), shale rock properties, vitrinite reflectance, XRD 
and XRF analyses; (2) provide stratigraphic analyses including observations related to 
the structural deformation in the Niobrara Formation using multidimensional core 
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interpretations, thin section studies, SEM analyses and well-logs; (3) define the 
geomechanical nature of the Niobrara Formation with support from stratigraphy, 
petrology and petrophysics; (4) study the petroleum potential by petrophysically 
interpreting the reservoir and source rock intervals using core test data and results from 
dataset analyses and interpretations.  
Geologic characterization and petroleum potential analysis of the Niobrara 
Formation is significant in terms of enhancing future productivity, as well, as improving 
the petroleum potential of the Trabing Field.   
1.3 Study Area 
The project was conducted in a nine-township area incorporating the Trabing 
Field, Johnson County, Wyoming, western part of the PRB (Figure 1.5). The Trabing 
Field (T46N-R80W) was discovered in 1975 during the drilling of the Boumas Zezas 1-3 
well (Figure 1.6). This well was drilled and completed by Mountain Fuel Supply 
Company and Inter-American Petroleum Corporation. The well produced from the Billy 
Creek Member of the Frontier Formation. The Field reflects both structural and 
stratigraphic trapping related to fracture domains, lateral and vertical facies changes. 
The Field comprises a small part of Johnson County and is located close to major 
producing fields (Figure 1.7). The Field is located in the north central portion of 
Wyoming. The Field is on eastern part of the basin axis and is in close proximity to the 
western flank of the PRB. The Field is located on the thicker portion of the Niobrara 
Formation in the PRB (Figure 1.8). The Wasatch Formation (Eocene) outcrops on the 









Figure 1.6 Isopach and structure map of the Trabing Field, WY (Datum Billy Creek 
Sandstone), type log section of the Billy Creek Sandstone Reservoir Interval (Terrell et 




Figure 1.7 Location of the Trabing Field with respect to adjacent oil and gas fields.  (Modified from PRB, South Half Oil & 
Gas Fields by 2001 Liquids Reserve Class, U.S. Energy Information Administration, EIA).





Figure 1.8 Total Isopach Map of the Niobrara Interval in the PRB (modified from Fox 
and Higley, 1996). Dashed lines indicate the thickening trend towards the western part 







The Trabing Field is understudied as supported by a relatively low number of 
producing wells and lack of literature. Black Hills Exploration and Production Co. 
provided two cores from the Field for this study. The cores were taken from the Niobrara 
Formation “B” and “C” chalky marl intervals. Cores belong to Buffalo 14 1FH (API 
number: 4901929950) and Ponderosa Deep Unit 44-17 (API number: 4901930071) 
wells and represent two sections in the township 46, sections 14 and 17 respectively 
(Figures 1.9-10). The distance between the wells is approximately 3 miles.  
The Field has produced 1,031,796 BO and 1,398,324 MCF of gas from 13 wells 
to date (Wyoming Oil and Gas Conservation Commission, WOGCC, as of 7/2018) 
(Figure 1.11). Production was terminated due to the oil crisis in 1997. The production 
from the Field started back again in 2014. Unconventional approaches being adopted 
by the industry since the beginning of the 2010s (horizontal drilling, multi-stage 
fracturing, etc.) have maximized the production efficiency and produced positive results. 
According to the Wyoming Oil and Gas Conservation Commission, only two wells 
(4901929950 & 4901930067) produce from the Niobrara Formation (Table 1.1). 
 




Figure 1.10 Base map view of the Trabing Field. 
 
 
Figure 1.11 Trabing Field monthly production rates and cumulative production since the 
discovery (Data compiled from WOGCC). 
15 
 
Table 1.1 Summary of the wells located in the Trabing Field (Data gathered from 
Wyoming Oil and Gas Conversation Committee). 
 
 
1.4 Proposed Research and Methods 
Cores and datasets including open hole log sets and laboratory analyses from 
two wells in Trabing Field, Johnson County, Wyoming were studied to evaluate their 














49-019-30036 46N 80W 2 NW NE ZEZAS 31-2/11-26FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4751 FRONTIER OIL 12465 NO
49-019-30079 46N 80W 2 NW NE ZEZAS 31-2/11-26FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4751 FRONTIER OIL 12465 EP
49-019-30101 46N 80W 2 NW NE ZEZAS 31-2/11-26NH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4751 NIOBRARA OIL 12080 EP
49-019-20168 46N 80W 3 SE SW BOUMAS ZEZAS 1-3 WEXPRO COMPANY 4670 12/31/1974 FRONTIER OIL 12950 PA 3/5/1975
49-019-20537 46N 80W 4 SE NE DOYEN 4-1 WEXPRO COMPANY 4666 10/13/1979 OIL 12699 PA 11/29/1979
49-019-30080 46N 80W 4 NE NE ZEZAS 41-4/11-27FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4635 FRONTIER OIL 12430 EP
49-019-30078 46N 80W 4 NE NE ZEZAS 41-4/31-28FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4635 FRONTIER OIL 12470 EP
49-019-30034 46N 80W 4 NE NE ZEZAS 41-4/31-28FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4635 FRONTIER OIL 12470 NO
49-019-30035 46N 80W 4 NE NE ZEZAS 41-4/11-27FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4635 FRONTIER OIL 12430 NO
49-019-20235 46N 80W 8 NW SE CRAIN ETAL 1-8 WEXPRO COMPANY 4676 12/8/1975 OIL 12938 PA 1/26/1976
49-019-20259 46N 80W 9 NW SE KNEBEL 1-9 WEXPRO COMPANY 4655 3/6/1976 OIL 12723 PA 4/15/1976
49-019-20620 46N 80W 9 NE NE METCALF 9-1 APACHE CORPORATION 4668 1/18/1981 OIL 12850 PA 3/3/1981
49-019-20186 46N 80W 10 NW SE D G GALLES 1-10 WEXPRO COMPANY 4734 2/27/1975 FRONTIER OIL 12729 PA 6/11/1975
49-019-30030 46N 80W 13 NE NW EKLUND 21-13/24-24FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4706 FRONTIER OIL 12520 EP
49-019-30099 46N 80W 13 NE NW EKLUND 21-13/11-1NH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4706 NIOBRARA OIL 12015 EP
49-019-30103 46N 80W 13 NE NW EKLUND 21-13/24-24NH ATX ENERGY PARTNERS LLC 4706 7/21/2015 NIOBRARA OIL 12190 SP
49-019-30140 46N 80W 13 NE NW EKLUND 21-13/11-1MH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4706 MOWRY OIL 13200 EP
49-019-30066 46N 80W 14 NW NW EKLUND 11-14/11-2MH ATX ENERGY PARTNERS LLC 4745 10/20/2014 MOWRY OIL 13366 SP
49-019-30067 46N 80W 14 NW NW DEVILS TOWER 11-2 1NH ATX ENERGY PARTNERS LLC 4745 11/24/2014 NIOBRARA OIL 12164 FL 5/2/2015
49-019-30068 46N 80W 14 NW NW EKLUND 11-14/11-2FH ATX ENERGY PARTNERS LLC 4745 10/20/2014 FRONTIER OIL 12562 SP
49-019-30031 46N 80W 14 NW NW EKLUND 11-14/41-3FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4745 FRONTIER OIL 12562 EP
49-019-29950 46N 80W 14 SE SE BUFFALO 14 1FH ATX ENERGY PARTNERS LLC 4636 9/3/2013 FRONTIER OIL 12532 PR 12/14/2014
49-019-29951 46N 80W 14 SE SE BUFFALO 14 1NH ATX ENERGY PARTNERS LLC 4636 11/28/2013 NIOBRARA OIL 12150 TA 8/6/2015
49-019-29993 46N 80W 14 SE SE BUFFALO 14 1MH ATX ENERGY PARTNERS LLC 4636 1/30/2014 MOWRY OIL 13325 PR 11/1/2014
49-019-30014 46N 80W 14 NW NW ZEZAS 44-10FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4744 FRONTIER OIL 12486 NO
49-019-20497 46N 80W 14 SW NW ADAMSON EKLUND 1-14 WEXPRO COMPANY 4741 3/27/1979 FRONTIER OIL 12725 PA 7/9/1979
49-019-20547 46N 80W 15 NE NE PORATH A 1-A WELLSTAR CORPORATION 4779 12/15/1979 FRONTIER OIL 12785 PA 3/1/1980
49-019-30037 46N 80W 16 NW NE ZEZAS 31-16/21-4FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4691 FRONTIER OIL 12626 NO
49-019-30081 46N 80W 16 NW NE ZEZAS 31-16/21-4FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4691 FRONTIER OIL 12626 EP
49-019-30071 46N 79W 17 SE SE PONDEROSA UNIT 44-17
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4663 12/12/2014 MUDDY OIL 13646 PA 8/7/2015
49-019-20597 46N 80W 23 SE NW EKLUND APACHE CORPORATION 4677 7/24/1980 OIL 13000 PA 9/10/1980
49-019-20524 46N 80W 23 NW NE EKLUND 23-1 WEXPRO COMPANY 4672 8/13/1979 OIL 12700 PA 9/3/1980
49-019-20796 46N 80W 26 NE NE EKLUND RANCH DAVIS OIL COMPANY 4595 11/28/1984 OIL 13580 PA 2/15/1985
49-019-30100 46N 80W 26 SW SE EKLUND 31-35/41-23MH ATX ENERGY PARTNERS LLC 4674 MOWRY OIL 13367 EP
49-019-30069 46N 80W 26 SW SE EKLUND 31-35/41-23FH ATX ENERGY PARTNERS LLC 4674 FRONTIER OIL 12552 EP
49-019-30105 46N 80W 26 SW SE EKLUND 31-35/41-23NH ATX ENERGY PARTNERS LLC 4674 NIOBRARA OIL 12217 EP
49-019-30137 46N 80W 27 NW NE EKLUND 31-27/21-15MH ATX ENERGY PARTNERS LLC 4752 MOWRY OIL 13467 EP
49-019-30102 46N 80W 27 NW NE EKLUND 31-27/21-15NH ATX ENERGY PARTNERS LLC 4754 NIOBRARA OIL 12357 EP
49-019-30021 46N 80W 27 NW NE EKLUND 31-27/21-15FH ATX ENERGY PARTNERS LLC 4752 FRONTIER OIL 12247 EP
49-019-30070 46N 80W 36 SW SE
EKLUND STATE 34-36/21-
25FH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4686 FRONTIER OIL 12490 EP
49-019-30104 46N 80W 36 SW SE
EKLUND STATE 34-36/21-
25NH
BLACK HILLS EXPLORATION & 
PRODUCTION INC
4686 NIOBRARA OIL 12200 EP
49-019-20359 47N 80W 34 SW SW HAYNES 1-34 MICHIGAN-WISCONSIN PIPE LINE CO 4646 2/23/1977 OIL 12870 PA 5/1/1979
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geology and reservoir-source rock capabilities. Two cores from the B and C chalky marl 
intervals of the Niobrara Formation in the western PRB were studied (Figure 1.12). The 
cores have been sampled and measurements were made on all the cores (Table 1.2).  
The cores were recovered from the Buffalo 14 1FH and Ponderosa Deep Unit 
44-17 wells. 
 
Figure 1.12 Core locations (indicated by stars) in the study area (boxed area). 
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A number of analyses and interpretations were incorporated into the reservoir 
characterization of the Niobrara Formation including well-log, core, thin-section and 
SEM analyses. Additional analyses conducted include thin-sections, XRF analysis and 
SEM analysis. The lithofacies will be described in terms of stratigraphic, petrographic, 
petrophysical, and structural aspects.  
Core descriptions were used to create a geological framework by identification of 
the facies, sub-facies and facies associations. Investigation of variable scale diagenetic 
features provided an insight into the depositional and post-depositional processes that 
influenced the Niobrara reservoir and source lithologies.  
Thin section studies and SEM analysis yielded a micro-scale analysis for the 
investigation of the stratigraphic, petrographic and structural architecture of the Niobrara 
Formation. Microfacies analysis and identification of diagenetic features produced 
additional knowledge on the reservoir and source rock qualities. Thin sections 
representing each core scale facies provided additional knowledge on their depositional 
settings on a lamination scale. Investigation of open-hole logs added to the 
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understanding of geomechanical attributes and the influence of structural deformation 
on the cored intervals.  
Qualitative determination of the porosity-permeability and mineralogical character 
of the Niobrara B and C chalky marl intervals were obtained from thin-sections, SEM 
analysis and petrophysical models. SEM analysis gave a better geologic understanding 
by providing observations on the identification of the organic matter type, quantity, 
quality and presence of mobile hydrocarbons, as well as an understanding on 
authigenic vs. detrital quartz content. The analyses provided further investigation of 
diagenetic features and improved the petrographic descriptions. 
Source rock analysis (SRA) data provided quantitative and qualitative information 
on source rock attributes. Such information included quantitative measurements of the 
readily producible hydrocarbons (S1), the quantity of potential hydrocarbons to be 
produced (S2), temperature at which maximum hydrocarbon generation occurs (Tmax), 
the amount of oxygen in the rock (S3), quantitative measurement of total organic carbon 
(TOC), hydrogen index (HI), oxygen (OI) and production index (PI). Source rock 
analysis data provided information on the organic matter quality, quantity and maturity. 
In addition to the SRA, vitrinite reflectance (VR) data provided fundamental knowledge 
on the maturity of the organic matter. The VR data was also useful for obtaining maturity 
information on depositional settings.  
Shale rock properties analyses provided the lab-measured porosity, permeability, 
saturation, bulk and grain density values. The analyses had been applied on crushed 
rock samples and as a result provided essential petrophysical data.  
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X-ray diffraction (XRD) analysis provided information on the mineral composition. 
The analyses gave further insight into the reservoir characterization of highly 
heterogeneous fine-grained rock texture. X-ray fluorescence (XRF) contributed 
observations for the understanding of the elemental composition of the cored intervals 
by using elemental spectroscopy. XRF analysis provided semi-quantitative elemental 
composition of the samples. XRF analysis was used to provide additional interpretations 
on the understanding of the depositional environment related features such as, 
terrestrial influence, carbonate deposition, clay type, detrital vs. authigenic origin of 
quartz grains, and anoxic/oxic nature. In addition, XRD and XRF data was used in the 
geomechanical characterization of the Niobrara Formation. Understanding the 
mechanical stratigraphy including a mineral model has a direct influence on accurate 
reservoir and source quality assessments in unconventional systems.  
Wireline and mud logs were used in local/regional subsurface correlations of 
different intervals of the Niobrara Formation which petrophysical models and led to a 
better delineation of the intervals’ petroleum geology. The basin setting and sequence 
stratigraphic framework was identified via combined use of geologic/petrophysical 
interpretations and log correlations in the field. In addition, mud-logs gave additional 
information on the lithologic aspects of the rocks in the context of drilling parameters.  
Sequence stratigraphic framework provided information on the timing of the 
deposition of lithofacies with response to the eustatic sea level variations and structural 
deformation in the Cretaceous of the PRB.  
Geomechanical (mechanical stratigraphy) properties of the Niobrara Formation 
were examined via core observations, log calculations, XRD/XRF results, thin section 
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studies and SEM analyses. Understanding the geomechanical character of mudrocks 

























CHAPTER 2  
GEOLOGICAL SETTING 
2.1 Structural Framework 
The evolution of the Cretaceous geologic events was initiated with the break-up 
of the supercontinent Pangea (Late Triassic, 200 Ma) that was caused by rifting along 
the north-central Atlantic Ocean mid-oceanic ridge. Continued rifting caused the North 
American plate to move in a westward direction, where by Cretaceous time, subduction 
events caused the Sevier Orogeny events to emerge. 
Sevier Orogeny is known as a mountain building event that took place between 
the Late Jurassic and Early Tertiary. The orogenic event caused intensified thrusting 
towards the east and formed a retro-arc foreland basin. The basin was then filled by the 
sediments derived from predominantly Sevier Highlands on the west, in which the 
geology was influenced by the mixing both the North and South originated sea-waters 
during the global sea level rise in the Cretaceous period. Transgressive and regressive 
events controlled the basin fill character with strong influence from structural 
deformation. 
An inland epicontinental sea, Western Interior Seaway (WIS) was opened as a 
result of the marine transgression during the Cretaceous period (Sonnenberg, 2012). 
The Western Interior Cretaceous depositional basin is defined as a major foreland 
basin. The width of the depositional basin ranged from ~500-1000 miles. The basin 
connected the northern Arctic regions to the Gulf of Mexico.  Steep mountains and 
highlands provided the provenance for siliciclastic materials from the west and a broad 
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platform permitting stable sea level conditions to the east. The geometry of the WIS 
reflected the influence of the Sevier Orogeny concentrating on the western flank. The 
strata deposited in the basin thickened towards the Sevier orogenic belt (Kauffman, 
1985).  
The deeper parts of basin remained starved during much of the accommodation 
intervals, whereas, flanks were exposed to higher rates of sedimentation (Weimer and 
Flexer, 1985). The depositional basin was located on a thick-skinned continental crust 
and its limits were defined as a fold-thrust belt to the west and the Canadian Shield to 
the East. The WIS basin reflect a change from siliciclastics in western areas to 
calcareous shales to chalk intervals and marls in eastern areas. The facies changes are 
commonly gradational throughout the Rocky Mountain Region Basins. 
Geographically, the basin extended from Western Arizona and covered parts or 
all of Utah, Idaho and Montana in the continental US. The Sevier Orogeny (Late 
Jurassic-Early Tertiary) caused intensified thrusting towards the east. A complex 
igneous history was imprinted behind as the thrust belt progressively moved eastward. 
The tectonism and eustasy during the Cretaceous modified the basin geology. The 
siliciclastic input into the basin increased towards the west as a result of major uplift 
events. Carbonate deposition took place under more stable sea-level conditions on the 
east part of the WIS. Carbonate deposition occurred mainly during subsidence and/or 
relative sea level rise events creating accommodation space.  
The Late Cretaceous Period was characterized by recurrent intense volcanic 
activities which are responsible for the occurrence of the several volcanic ash/bentonite 
beds that are present in most of the marine strata in the WIS basin. The thicknesses of 
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some volcanic beds reached more than a meter. Some of the bentonite beds can be 
traced into the Western Interior basin for great horizontal distances. The active volcanic 
zones were located around Idaho, Western Montana and Western Canada. Additional 
volcanic influence came from the Sierra Nevada volcanic belt that covered an area from 
Washington and Oregon to western New Mexico and Arizona. The magnitude and 
number of volcanic events increased towards the north where the volcanic sources 
were mainly located. The intensity of tectonic events declined towards the end of the 
Cretaceous. However, smaller scale volcanic activities occurred during the times of 
marine transgression (late Cenomanian, early Turonian, Coniacian and Santonian). The 
volcanic activities reflected the active plate tectonism and eustatic controls happened 
during the Late Cretaceous period. The zones of greatest subsidence were located near 
the western margins. The thicknesses of the depositional units to the east (The Great 
Plains area (Kansas, Nebraska and Iowa)) were thinner as a result of the distance from 
the siliciclastic provenance areas, as well as, presence of sub-marine erosional 
mechanisms. Kauffman (1977) subdivided the WIS basin into four-structural zones; 1) a 
western zone with maximum subsidence, sedimentation rates and coarser siliciclastics, 
2) a west-central zone of high subsidence and sedimentation rate with finer-grained 
siliciclastics, 3) a hinge zone between the subsiding west part and stable east part with 
carbonate and shaly deposits reflecting moderate to low subsidence and sedimentation 
rates and, 4) a stable eastern platform reflecting relatively weak subsidence and slow 
sedimentation rates with resultant carbonate dominant lithologies (Figure 2.1). The 
closing of the Western Interior Cretaceous Seaway at the end of the Cretaceous 
(Maastrichtian) was accompanied by a global sea level drop and the contemporaneous 
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initiation of the Laramide Orogeny (Latest Campanian- Early Cenozoic) (Kaufmann, 
1977). 
 
Figure 2.1 Schematic cross section of the Rocky Mountain basins including the four-fold 
tectonic zonation (Modified after Martinsen, 2003 after Kauffman, 1977). Boxed area 
indicates the study area being located near the axial basin. Vertical dashed line displays 
the basin axis. Lateral dashed line indicates the unconformity occurred before the 
deposition of the Niobrara Formation. 
 
PRB is one of the most prolific Rocky Mountain Region basins. The basin covers 
parts of the southeast Montana to northeast Wyoming. The basin has undergone similar 
structural deformation as with most other Rocky Mountain Region basins. The basin 
reflects an asymmetrical and synclinal geometry with steeply dipping western flanks 
(~4-8o) and gently dipping eastern flanks (~1-2o) (Figure 2.2). The basin has a deep, 
north-trending, asymmetric, and deformed structural depo-center. The basin center is 
located near the western margin. The basin is bounded to and separated from the 
Denver Basin by the Hartville Uplift and Laramie Mountains to the south. The Black Hills 
Uplift bounds the basin to the east. The Big Horn Mountains and the Casper Arch define 
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the westernmost extension of the basin. The Miles City Arch marks the boundary 
between the PRB and Williston Basin to the northeast (Figure 2.3).  
 
Figure 2.2 PRB cross-section (Anna, 2009). Dashed line indicates the basin axis. 
 
 
Figure 2.3 Structural elements of the PRB (Anna, 2009). Study area is displayed by the 
orange polygon. 
The tectonic conditions were moderately stable until the Laramide Orogeny of the 
Late Cretaceous age began to affect the WIS. The initiation and progressive 
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intensification of the Laramide Orogeny occurred contemporaneous with the deposition 
of the Fox Hills and Lance formations. The WIS started to retreat as the Laramide 
Orogeny progressed. This resulted in a transition of the depositional conditions from 
marine to terrestrial (Ayers, 1986). 
The depositional patterns observed in the Upper Cretaceous strata in Wyoming 
and adjacent areas reflect a combined influence from the regional/local tectonics and 
eustasy. An uplift event influencing a broad region occurred during the Late Campanian 
(~ 73 Ma). The ancestral Granite Mountains were rising periodically during the 
Campanian to Maastrichtian (~ 80.8-65.4 Ma) in the central Wyoming. A west-northwest 
trend formed in the Granite Mountains during early middle Turonian (~ 92.4 Ma) and the 
late Turonian (~ 90.4-90 Ma). The anticlinal Hartville Uplift was active during the Late 
Turonian (~ 90.3-90 Ma) at the southern end of the PRB. Another area trending 
northeast-north formed in southeastern Wyoming during the late Turonian (~ 90.3 Ma) 
(Merewether, 1996). 
Sharp flexing and faulting accompanied by the basin subsidence were active in 
the southeastern PRB during the early Campanian (~83.5-80.6 Ma). The active 
structural deformation resulted in formation of faults exhibiting parallel and weakly 
oblique patterns. These patterns coalesced to form NE-SW trending lineations. The 
Cenomanian through early Campanian sedimentation was strongly influenced by the 
small scale structural disruptions from the activation of the basement lineaments. The 
structural deformation at the time formed the NE trending Belle Fourche Arch. The Belle 
Fourche Arch was located in the center of the basin. In the PRB, the dominant northeast 
trending lineaments and less pronounced northwest trending lineaments are related to 
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the basement block induced deformation. The structural deformation related to the 
basement block movements has resulted in thickness changes along the strata by 
modifying the depositional topography in the basin (Figure 2.4) (Martinsen and Marrs, 
1985). 
Merewether and Cobban (1986) have proposed the presence of west trending 
faults. These faults were mainly active during the Turonian. The unconformities 
observed on the outcrops and in the subsurface on the eastern flank of the basin were 
attributed to a regional uplift event during middle to late Coniacian (~ 88.5-86.3 Ma) 
(Weimer and Flexer, 1985). The similar southwest convexing features found in the basin 
are thought to be related to the Precambrian shear zone activities. These zones 
reactivated periodically during the Cretaceous. The reactivation resulted in the 
stratigraphic thinning, pinching-out, wedging-out, and formed complexities in the facies 
distributions of the Phanerozoic strata at all scales (Slack, 1981). 
The Upper Cretaceous strata thickens from about 4,300 ft in Powder River 
County to about 9,800 ft in Converse County. The thickening reflects a south-southwest 
trend. The Wall Creek Member of the Frontier Formation (late Turonian, 89.5-89.2 Ma), 
the Sharon Springs, Mitten and Red Birds members of the Pierre Shale (early and late 
Campanian, 80.6-76.6 Ma) and age-equivalent strata in the Cody Shale, the Parkman 
Member of the Mesaverde Formation, the Mesaverde Formation (middle and late 
Campanian, 78.3-72.2 Ma), the Lewis Shale (late Campanian and early Maastrichtian, 
72.2-69.6 Ma), the Fox Hills Sandstone, and Lance Formation (early and late 





Figure 2.4 Dominant structural lineament trends in the PRB, observed in the literature 
(Modified after Martinsen, 2003). 
 
In northeastern Wyoming, during the Late Santonian to Early Maastrichtian 
interval, the western part of the basin was characterized by the highest average rates of 
sedimentation. The high sedimentation rates were reflected in both marine and non-
marine strata in the upper Niobrara Formation, Steele Member of the Cody Shale, the 
Mesaverde Formation, and the Lewis Shale (Gill and Cobban, 1973). 
The subsidence rates were higher in the southern parts of the basin. The high 
rates of subsidence influenced the the Mowry Shale, Sage Breaks Member of the Cody 
Shale, the Niobrara Formation and its equivalent units, lower part of the Steele Member 
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of the Cody Shale, the Shannon and Sussex Sandstones of the Steele Shale, shales of 
the Mesaverde Formation, the Lewis Shale, and Lance Formation in Johnson County, 
Wyoming. The tectonic subsidence rates were measured at approximately 3.9 in./1,000 
years in southern Johnson County. The tectonic subsidence rates estimated in the 
southern Johnson County represented the highest rates in the PRB (Merewether, 
1996).  
Several unconformities related to the relative sea level fall followed by the 
subsequent subaerial exposure and submarine erosion were observed in the Upper 
Cretaceous strata in the southern PRB. One of the unconformities is located at the 
boundary between the Belle Fourche Member and Emigrant Gap Member of the 
Frontier Formation (late early Turonian, 94.3-92.3 Ma). Another unconformity exists 
between the Emigrant Gap Member and the Wall Creek Member of the Frontier 
Formation (early late Turonian, 90.5-89.2 Ma). Other significant stratigraphic surfaces 
are observed at the Carlile Shale and Niobrara Formation boundary (middle Coniacian, 
88.6-87.8 Ma), between the Gammon Member and Sharon Spring Member of the Pierre 
Shale (late early Campanian, 81.3-80.7 Ma), within the lower shale member of the 
Pierre and between the lower shale member of the Pierre Shale and Teapot Sandstone 
of the Mesaverde Formation (late Campanian, 74.5-72.7 Ma). The unconformity 
between the Carlile Shale and the Sage Breaks Member of the Cody Shale with the 
Niobrara Formation or Niobrara Member of the Cody Shale is attributed to the 
submarine erosion and structural deformation during the Middle to Late Coniacian 
(Weimer and Flexer, 1985; Weimer, 1984). The arching in the central and western 
Wyoming during the Middle to Late Turonian, Late Campanian, Campanian-
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Maastrichtian and Late Turonian-Middle late Coniacian might have influenced the 
thinning of the strata southward. The arching also created regional disconformities.  
The periodically occurring structural events in the PRB were defined to be minor 
in intensity during the Late Cretaceous period. The depositional patterns and thickness 
variations were influenced by the periodic displacements along the NE trending 
lineaments. The displacement is related to the basement tectonics and sea–level 
fluctuations in the WIS (Merewether, 1996). 
2.2 Stratigraphic Framework 
The Upper Cretaceous stratigraphy of the PRB is based on the subsurface 
correlation of log responses and outcrop studies. The stratigraphy of the Late 
Cretaceous Period represents deposition under marine, marginal marine and terrestrial 
conditions. The average sedimentation rates (incorporating both slow open-marine 
sedimentation and more intense siliciclastic deposition on western flank) exhibited 2.3-
3.2 in./1000 years in the northern parts of the basin. The southern parts reflected 
sedimentation rates between 4.8-5.4 in./1000 years (Merewether, 1996). X-ray 
diffraction (XRD) analyses conducted on a variety of Upper Cretaceous deposits 
reflected the highly heterogeneous composition. The common XRD composition 
included, quartz, K-feldspar, plagioclase, dolomite, illite, smectite, kaolinite, chlorite, and 
mixed illite/smectite (I/S) (Table 2.1). The variations in the compositions reflected the 
different depositional conditions in the WIS basin.  
The study area was located between 45o-50o N latitudes based on 
paleogeographic reconstructions and was located further north than its present-day 
location (42o-47o N latitudes). In addition, the Cretaceous period is interpreted to have 
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had longer daylight and higher temperatures than the present-day conditions. The 
average daily temperatures ranged between 13o-20o C during the Late Cretaceous. The 
faunal and floral character of the PRB reflected subtropical to warm-temperate climatic 
conditions at coastal-plains and nearshore-shallow marine depositional settings. Storm 
currents are known to contribute to the depositional patterns in the WIS during the Late 
Cretaceous. The influence of the storm events can be traced to the deeper parts of the 
WIS basin. Tides were microtidal to mesotidal in the WIS.  
The circulation patterns were affected by the predominant wind direction, 
temperature, evaporation-precipitation rates, and the storm events. The east-west 
oriented storms occurred during winters resulted in the south directed and shore-parallel 
currents. The pH conditions of the WIS were slightly acidic (Merewether, 1996). The 
Upper Cretaceous stratigraphic units were biostratigraphically age dated and validated 
by molluscan index fossils (Figure 2.5). 
The lithic content, thickness trends, depositional settings, rate of sedimentation 
and variations in intensity of structural deformation have played an important role in the 
modification of the stratigraphy in the western PRB. In the basin, the Early Cretaceous 
period deposits grade conformably into the Late Cretaceous strata. The Early 
Cretaceous-Late Cretaceous boundary is located near the top of the Mowry Shale at the 








Figure 2.5 Biostratigraphic framework of upper Cretaceous strata (Merewether, 1996). 
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The Frontier Formation and the Carlile Formation were deposited above the 
siliceous Mowry Shale. The Frontier Sandstone and Carlile Formation consist of 
sandstone, siltstone, shale, and coal facies. The Niobrara Formation and equivalent 
units were deposited in open marine conditions above the Carlile Formation. The 
Shannon and Sussex Sandstones of the Cody Shale, the Parkman and the Teapot 
Sandstones of the Mesaverde Formation, the Lewis Shale and the Fox Hills Sandstone 
define the remaining Upper Cretaceous strata in the western part of the PRB (Figure 
2.6).  
The Frontier Formation (Cenomanian-Turonian) represents shallow marine 
deposits of interbedded sandstone, siltstone, shale and coal on the western margin of 
the PRB. The Formation is subdivided into the Belle Fourche and Wall Creek Members 
in the southern Johnson County. In the northern Johnson County, the Wall Creek 
Member grades into the Cody Shale. The Belle Fourche is defined as a formation, 
rather than a member in the northern parts. The Belle Fourche Formation conformably 
overlies the Mowry Shale. The Belle Fourche Formation is thought to be deposited on 
the outer coastal plain and the shelf. The unit unconformably underlies either the 
Emigrant Gap or the Wall Creek Member of the Frontier Formation. 
The Emigrant Gap Member (Middle Turonian) consists of mudstone, shale, 
siltstone and sandstone. The member is unconformable with the Belle Fourche below 
and the Wall Creek Member above. The mudrocks of the Emigrant Gap Member are 
chronostratigraphically equivalent to the Pool Creek Member of the Carlile Shale. The 
Wall Creek Member (late Turonian) is the uppermost sandy unit in the Frontier 
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Formation. The member consists of sandstone, siltstone, and shale and conformably 
underlies the Cody Shale (Merewether, 1996). 
 
Figure 2.6 Stratigraphic column of the PRB depicting both conventional and 






The Belle Fourche Formation (early Middle Cenomanian) is lithologically 
described as alternating beds of shale, siltstone and multiple thin bentonite layers. The 
formation is conformable with the Mowry Shale below and Greenhorn Formation above. 
The Belle Fourche Formation is easily identifiable on well-logs with the presence of 
region-wide Clay Spur bentonite at the lower contact and its resistivity contrast with the 
Mowry Shale below. The top of the formation is the X-Bentonite interval which makes 
intrabasin correlations with the Denver Basin possible. Biostratigraphic analyses 
suggest offshore marine deposition for the Belle Fourche Formation (Merewether, 
1996).  
The Pool Creek Member (Middle Turonian) of the Carlile Shale is defined as a 
marine silty shale unit. The member is conformable with the Greenhorn Formation 
below. The upper boundary with the Turner Sandy Member is unconformable. The Pool 
Creek Member was deposited on a shelf and slope environment (Weimer and Flexer, 
1985).  
The Turner Sandy Member (Late Turonian) of the Carlile Shale consists of 
interbedded shale, siltstone and sandstone. On well-logs, the member is easily 
identified by its SP and resistivity anomalies. The anomalies are due to its sand and silt 
content. The member was deposited in shallow-marine conditions over a broad regional 
unconformity. The lower portions of the member reflect deposition under brackish to 
marine conditions.  
The Sage Breaks Member (Upper Turonian and Conaician) of the Carlile Shale 
represents alternating calcareous and non-calcareous shales. The member is 
characterized by its lower resistivity on well-logs. The Sage Breaks Member 
37 
 
conformably overlies the Turner Sandy Member. The contact between the Niobrara 
Formation and the Sage Breaks Member exhibits unconformable relationships 
depending on the locality in the basin. The member is abruptly thinned at some 
locations due to sub-marine erosion. The erosional surfaces are correlatable over long 
distances. At some locations, submarine currents eroded more than half of the Sage 
Breaks Member. The Sage Breaks Member of the Carlile Shale is incorporated into the 
upper part of the Cody Shale in the western part of the PRB. The member is 
lithologically characterized by non-calcareous silty shales. The lower parts of the Sage 
Break Member grade laterally into the sandy Upper Frontier Formation. The Sage Break 
Member is conformable to the Frontier Formation below in the western portion of the 
basin. On the other hand, the boundary is disconformable in the south-central part of 
the basin (Figure 2.7). The facies were deposited in offshore conditions under a major 
marine transgressive event (Merewether, 1996).  
The Niobrara Formation (late Coniacian-early Campanian) was first defined by 
Newton and Jenney (1880) as “the Niobrara Group” for the outcrops in the Black Hills.  
Darton (1901) later changed the terminology to “the Niobrara Formation.” The 
Formation has been described as horizontally stratified chalk intervals, clayey-
limestones, calcareous and non-calcareous shales, marls and many thin bedded 
bentonites on the eastern flanks of the PRB (Weimer and Flexer, 1985). The Niobrara 
Formation was deposited between a major marine transgression and subsequent 
regression event in the WIS. The regression resulted in the deposition of the Pierre 
Shale above the Niobrara Formation. The paleogeographic limits of the transgression 
and regression is displayed in Figure 2.8. The transgressive-regressive nature (Figure 
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2.9) resulted in retrogradational-aggradational-progradational parasequence set 
patterns (Merewether, 1996).  
 
 
Figure 2.7 Generalized stratigraphic column of southern PRB depicting the Niobrara 
Interval (Weimer and Flexer, 1985). 
 
The Formation is divided into two end-members in the Denver basin. These are 
the Fort Hays and Smoky Hill Members. The Fort Hays Member is absent in the PRB. 
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The Niobrara Formation in the PRB was deposited on the erosional scour surfaces in 
the Sage Breaks Member mainly in the western parts of the basin.  
 
Figure 2.8 Paleogeographic distribution of geographic limits of Santonian (Upper 
Niobrara Interval) maximum transgression and regression (Blakey, 2014). Star indicates 




Figure 2.9 Chronostratigraphic distribution of Cretaceous strata along WIS depicting 
transgressive/regressive nature of sedimentation and major fossil groups corresponding 
to the Niobrara interval (Blakey, 2014). Boxed area indicates the study area. 
 
The Formation displayed variable thicknesses depending on the intensity of the 
scouring. The Niobrara Formation and equivalent members in the western parts of the 
basin were deposited at a rate of approximately 1.9 in./1000 years. 
Chronostratigraphically equivalent units to the northwest reflected sedimentation rates 
of about 3.2 in./1000 years. The western part of the basin was characterized by 
approximately 1.9 in./1000 years of sedimentation rates during deposition of the 
Niobrara Formation and its equivalent units in the Cody Shale (Merewether, 1996). 
Detrital (siliciclastic) materials were transported from the west. Carbonate factories 




Figure 2.10 Depositional factors on the Niobrara Formation in the WIS (84.0 Ma) 
(Modified after Blakey, 2014). 
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The Niobrara Formation consists of two members where scouring has occurred 
and filled with a lower shale. The lower member displays higher-resistivity when 
present. The Niobrara Formation is also characterized by its abundant pelagic 
foraminifera and coccolith-pellet content. In addition, abundant fish remains and 
molluscan shell fragments can be found in the formation. The chalk intervals are 
commonly bioturbated. The alternating marly and chalky units represent Milankovitch 
cycles (Locklair and Sageman, 2008). These cycles are indications of changing oxygen 
levels, variability of lithofacies composition, and petroleum potential. The marly and 
chalky units can be traced laterally into the basin. Chalky units are defined as reservoir 
intervals by the literature (Figure 2.11), whereas marly intervals correspond to source 
intervals. Porosity and permeability character of the reservoir intervals depend on the 
depth of burial and diagenetic features (Figure 2.12). Overall, the Niobrara Formation 
was deposited in deep-water marine conditions (>500 ft). The formation displayed cyclic 
oxic-anoxic bottom conditions (Weimer and Flexer, 1985).  
According to Haq et al. (1987), and during deposition of the Niobrara Formation 
and equivalent units in the PRB, global eustatic studies revealed a type-2 sequence 
boundary at about 87.5 Ma, a condensed section at about 86.0 Ma, a type-1 sequence 
boundary at 85 Ma, a major condensed section at about 83.75 Ma, and another type-2 
sequence boundary at 83 Ma. The sequence boundaries might be correlatable for long 





Figure 2.11 SEM photomicrograph of chalk fabric with implications on the reservoir 
quality (Lockridge and Pollastro, 1988). 
 
 
Figure 2.12 Porosity response of the Niobrara Chalk intervals in the Denver-Julesburg 
Basin to burial depth (Sonnenberg, 2013 after Lockridge and Pollastro, 1988). 
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The Niobrara Formation is conformably overlain by the Steele Member of the 
Cody Shale. The top of the Niobrara Formation is either the Ardmore Bentonite Bed or 
the lower part of Steele Member of the Cody Shale. The Cody Shale is lithologically 
composed of shale, silty & sandy shale, siltstone, sandstone and bentonite indicating a 
mixed open-marine depositional setting. Sandy intervals that have adequate 
thicknesses and geometries were named the Sussex and Shannon sandstones. The 
upper part of the Steele Member of the Cody Shale (middle Campanian) is composed of 
shale, silty shale, sandstone and bentonite deposited in marine conditions. The upper 
part of the Steele Member is conformable to the Mesaverde Formation (Merewether, 
1996). 
The Mesaverde Formation overlies the Cody Shale. The formation consists of 
alternating sequences of marine strata and non-marine siliciclastic rocks. The formation 
is further subdivided into the Parkman and Teapot sandstones. The Parkman 
Sandstone is defined as thinly-bedded fine-grained marine and non-marine sandstones 
with organic-rich, coal bearing sandy shales. The Teapot Sandstone disconformably 
overlies the Parkman Sandstone. The Teapot Sandstone grades conformably into the 
Lewis Shale above. The Teapot Sandstone is defined as very fine- to medium-grained 
sandstones with occasional shale clasts, silty, sandy shale, and coal deposited during a 
marine regression (Merewether, 1996). 
The Late Campanian - Early Maastrichtian Lewis Shale conformably overlies the 
Teapot Sandstone. The formation consists of mudstone, sandy shale, and siltstone with 
limestone and sandstone clasts, bedded sandstone, coal, and bentonite. The upper 
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contact with the Fox Hills Sandstone is conformable. Deposits of the Lewis Shale reflect 
shelf, nearshore and deltaic deposition during transgressive-regressive cycles.  
The Lewis Shale grades vertically into the Fox Hills Sandstone. The formation 
includes shaly siltstone, fine-grained, thin-bedded, and cross-stratified sandstone. The 
formation is conformable to the Lance or Hell Creek formations above. The Fox Hills 
Sandstone was deposited in nearshore and deltaic conditions. As the deltas prograded 
into open marine settings followed by a regression, deposition of terrestrial Lance and 
Hell Creek formations occurred. The deposition of the Fox Hills Sandstone marked the 































3.1 Facies Overview 
This chapter focuses on core, thin section and SEM observations to characterize 
the Niobrara Formation. Observations from the cores include lithology, sedimentary 
structures, bioturbation, diagenesis, and fossil content. Thin section and SEM analyses 
focuses on lithology, mineralogy, diagenetic features, pore character, and organic 
richness on a finer-scale. The observations are primarily used to define the stratigraphy 
of the Niobrara Formation, as well as, its reservoir and source potential.  Two sets of 
cores representing the B and C chalky marl intervals of the Niobrara Formation were 
studied to understand the core scale lithological architecture of the formation in the 
Trabing Field. The cores obtained from the Buffalo 14 1FH and Ponderosa Deep Unit 
44-17 wells include 60 ft. sections of the B and C chalky marl intervals. Understanding 
the lithological architecture of the B and C chalky marl intervals provided important 
knowledge on the understanding of the stratigraphy of the Niobrara Formation. The 
cores are located in central and easternmost parts of the field respectively. The wells 
are approximately 3.35 miles apart from each other.  
Visual core analysis was carried out on both cores. The cores were studied 
extensively for the lithofacies delineation. The lithology classification and bioturbation 
scheme is represented in Figure 3.1 and 3.2. The lithofacies were studied and classified 
based on the quality of preservation of laminations. The quality of preservation of the 
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laminations has implications on the oxic-anoxic nature of the Niobrara Formation 
(Figure 3.3).  
 
Figure 3.1 Lithology classification scheme used for the Niobrara Formation (CSM 
Niobrara Consortium).  
 
 




Figure 3.3 Bioturbation and its relation to anoxia from the basal shale and limestone unit 
of the Smoky Hill Member (Savrda & Bottjer, 1989). 
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X-Ray diffraction (XRD) data was used to understand and compare the 
mineralogical compositions and lithologies of the B and C chalky marl intervals of the 
Niobrara Formation (Figure 3.4). The analysis provided the bulk mineralogy and semi-
quantitative information on major mineral constituents (Figure 3.5) (Moore and 
Raynolds, 1997). 
 




































Figure 3.5 Bulk mineralogical composition of the cored intervals. 
 
XRD displayed marlstone lithology for the cored intervals with calcite content 
exceeding 30% and siliciclastic clay and silt content about 50-60%. The B chalky marl 
interval (Figure 3.6) reflects a much more homogenous mineralogical composition 
based on the XRD. Overall, the B chalky marl interval in the Trabing Field consists of 
detrital quartz (19-24%), detrital clay (25-32%), and carbonates (28-39%).  Secondary 
minerals include potassium and plagioclase feldspar, pyrite, minor amounts of apatite, 
and a trace of barite. One sample taken from 11805.7-11806.0 ft. contains 28% 
carbonate content and is classified as marly shale. To increase the confidence on the 
presence of the marly shale lithofacies, more data points are needed. The mineralogical 
composition from the XRD supported the fact that the Niobrara Formation was supplied 
with more terrestrially derived minerals when compared to the basins located further 
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south. The increased terrestrial influence can also be explained by the study area’s 
close vicinity to the basin axis where the sedimentation rates and subsidence rates 
were higher. Higher sedimentation rates promoted the increased siliciclastic influence 
and diminished carbonate production.  
 
Figure 3.6 XRD results from Buffalo 14 1FH. 
 
The C chalky marl interval was observed to contain variations in terms of 
mineralogical content when compared to the B chalky marl interval (Figure 3.7). The C 
chalky marl interval includes detrital quartz, detrital clay, and carbonate minerals. 
Carbonate fraction ranges between 25-54%, detrital quartz in the range of 14-28% and 
detrital clay fraction in the range of 21-44%. The lithology is defined as marlstone. 
Sample taken from 11913.0-11913.35 ft. reflected 25% carbonate content. This interval 
is defined as marly shale. However, more XRD data points are needed to prove the 
presence of the marly shale lithology in the formation. Secondary minerals include 
potassium and plagioclase feldspar, pyrite, and trace amounts of marcasite in the C 
chalky marl interval. Because the field is adjacent to the basin axis and the PRB being 
one of the westernmost basins, the amount of siliciclastic influence in these intervals is 
as expected. 
Top Bottom Chlorite Kaolinite Illite/Mica Mx I/S** Calcite Dolomite
1 Quartz K-spar Plag. Pyrite Apatite Clays Carb. Other
1-1P 11805.75 11806.00 1 1 11 19 24 4 24 4 9 2 1 32 28 40
1-6P 11810.00 11810.25 1 1 7 19 35 3 23 2 6 3 0 28 38 34
1-11P 11815.20 11815.45 1 1 9 15 31 5 24 3 8 3 0 26 36 38
1-17P 11821.35 11821.60 1 1 8 16 35 4 19 4 10 2 0 26 39 35
1-24P 11827.85 11828.10 1 0 7 17 34 4 20 4 10 2 1 25 38 37
1-32P 11836.45 11836.70 1 0 9 17 32 5 23 2 7 3 1 27 37 36
1-44P 11848.35 11848.60 1 1 7 18 32 4 24 3 7 3 0 27 36 37
1-56P 11860.40 11860.65 1 1 9 16 32 6 21 3 8 2 1 27 38 35
AVERAGE 1 1 8 17 32 4 22 3 8 3 1 27 36 37






Figure 3.7 XRD analysis from Ponderosa Deep Unit 44-17. 
 
The cored interval includes the boundary between the Niobrara Formation and 
the Carlile Shale. The mineralogical response from the Carlile Shale can be delineated 
by its increased siliciclastic and diminished carbonate contents. The bottom portion of 
the cored interval reflects diminished carbonate contents, whereas an abrupt increase in 
detrital clay and quartz was observed. The interval is separated from the Niobrara 
Formation by a highly pyritic bentonite bed.  
Considering the fact that the boundary between the Carlile Shale and Niobrara 
Formation might be an unconformity at some localities, the interval at the bottom was 
interpreted to be the upper section of the Carlile Shale, most likely the Sage Breaks 
Member since it still contains a small amount of carbonate fraction. The Sage Breaks 
Member is thought to be the partial time equivalent of the Fort Hays Member. The 
Niobrara Formation unconformably overlies the Sage Breaks Member in the Trabing 
Field. Figure 3.8 displays the weight percent distribution of the clays, carbonates, and 
others of the cored intervals. 





1 Siderite Quartz K-spar Plag. Pyrite Marcasite Clays Carb. Other
1-6P 11889.40 11889.70 2 1 14 21 28 0 2 Tr 22 4 4 2 0 38 30 32
1-10P 11893.70 11894.00 1 1 12 22 36 1 0 Tr 19 2 4 2 0 36 37 27
1-17P 11900.00 11900.35 1 0 8 13 53 0 1 Tr 16 2 5 1 0 22 54 24
1-20P 11903.75 11904.10 2 1 11 19 40 0 1 Tr 17 3 4 1 1 33 41 26
1-26P 11909.60 11909.95 1 0 9 14 53 0 1 Tr 14 2 4 1 1 24 54 22
1-30P 11913.00 11913.35 1 1 13 29 24 1 0.1 Tr 21 4 5 1 0 44 25 31
1-42P 11925.45 11925.80 1 0 14 18 32 1 1 Tr 19 4 6 4 0 33 34 33
1-47P 11930.75 11931.10 1 1 8 11 42 1 0 Tr 20 3 9 4 0 21 43 36
1-58P 11941.75 11942.10 2 0 16 28 6 0 2 Tr 28 6 8 4 0 46 8 46
AVERAGE 1 1 12 19 35 0 1 0 20 3 5 2 0 33 36 31






Figure 3.8 Weight percent distribution of the clays, carbonates, and others of the cored 
intervals. 
 
The B chalky marl interval is divided into four lithofacies and included three 
ichnofacies. The C chalky marl interval contained five lithofacies with three ichnofacies.. 
Faintly laminated to laminated marlstone, slightly to moderately bioturbated marlstone, 
moderately to heavily bioturbated marlstone and bentonite lithofacies were observed in 
the B and C chalky marl intervals. In addition, the C chalky marl interval included 
fractured marlstone lithofacies (Table 3.1). Core scale facies were displayed on core 




In this study, microfacies analyses were conducted by using thin sections and 
SEM. Thin sections are used to characterize the rock fabric and texture. Thin sections 
also provide adequate information on the depositional setting and pore character of 
siliciclastic, carbonate, and mudrocks. Studying mudrocks under thin sections provide 
essential information on the sediment source, diagenetic features, pore character, and 
reservoir quality. 
SEM analysis provided information on the clay characterization and mineral 
composition in higher magnification which provided better foundations for the geologic 
investigations. SEM analysis were also useful for understanding the porosity and 
permeability character. Combination of the XRD and XRF analyses with SEM produced 
better lithologic and depositional interpretations. 
Scanning electron microscope (SEM) provided better resolution for imaging and 
monitoring geologic interactions to the nanometer scale. SEM was useful in the 
interpretation of the nature and distribution of the pores in 3-dimension. Elemental 
mapping of minerals was also carried out and provided further knowledge on the 
composition. Overall, facies analyzed displayed similar lithologies with differences in the 
sedimentary structures. The laminations were disturbed by bioturbation which displayed 
a range of zero to five based on the scheme adopted from Lazar et al. (2015). Facies 
displaying well-preserved laminations indicated stronger reduction, whereas, facies 
including discontinuous laminations displayed lesser reduction.  See Appendix F for 
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3.1.1 Faintly Laminated to Laminated Marlstone 
The lithofacies displays well-preserved laminations and represents low oxidation 
during the deposition. The laminations are mainly composed of alternating beds of 
marly and chalky units. The facies includes well-outlined to slightly obscure laminations 
in the B chalky marl interval (Figure 3.9). On the other hand, the C chalky marl interval 
displays a decrease in the number of well-preserved laminations (Figure 3.10). 
 
Figure 3.9 Faintly laminated to laminated facies from the B chalky marl interval. 
 
 




The fossil content includes inoceramid shells, foraminifera remains, and oyster 
shells. Rare occurrence of the Chondrites is also present in both intervals. The 
Chondrites ichnofacies is represented by root-like burrow systems. The Chondrites 
forms complex branching feeding tunnel architectures in which tunnels have 30-40 
degree angles. The Chondrites belongs to the Cruziana ichnofacies. The ichnofacies 
corresponds to fully marine environments with low bottom water oxygenation conditions. 
Bioturbation intensity is between zero to one. 
The facies appears as alternations of calcareous-rich laminae and clay-rich 
interbeds in thin section. The microfacies is defined as interbedded marlstone and 
chalky marl. The primary constituents of calcareous laminae are foraminifera in the form 
of mostly broken shell fragments. The coccolith pellets are abundant and display 
variable colors ranging from dark brown to tan brown. The color changes might be 
related to the different coccolith species producing different colored pellets, the 
nutritional differences between coccoliths, the climatic influences on the type of the 
nutrition provided, the variations in the organic matter richness, or the type of material 
filling the pellets. The coccolith pellets show increasing abundances with increasing 
foraminifera content. Although the microfacies reflects more continuous laminations on 
the core scale, in thin section the laminations displayed discontinuities. These 
discontinuities are interpreted as a result of the weak-to-moderate bioturbation. The 
ichnofacies are difficult to identify due to the burrowers living in soft-muddy substrates 
and mixing the sediment available. Rare occurrence of chondrites was observed.  
The sedimentary structures observed in thin section include parallel laminations, 
fecal pellets, and burrows. Occasional discontinuous laminations were also observed. 
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Body fossils include foraminifera, inoceramid shell fragments, and oysters. Foraminifera 
content includes uniserial, biserial and triserial forms, which are indicatives of the 
bottom-water oxygen conditions. Benthic foraminifera were not observed in thin 
sections. Lack of benthic foraminifera indicates the depositional conditions were not fully 
anoxic and the intervals included predominantly planktonic foraminifera. Presence of 
pyrite in the form of framboids or nodules indicates reducing conditions were active 
during the deposition. Euxinia plays an important role in the preservation of the organic 
carbon by preventing oxidation on the organic matter as well. Common diagenetic 
features include pyritization, clay diagenesis and very minor dolomitization.  
The facies displays a heterogeneous mix of siliciclastic and carbonate minerals in 
SEM and is defined as calcareous mudstone to clayey limestone. Wood pieces were 
observed in SEM and supported the input of woody macerals which resulted in gas 
generation. Well preserved coccolith pellets are difficult to observe due to the chemical 
diagenesis and mechanical compaction. Biotite flakes were observed and indicated the 
presence of mica minerals. Pore types are intraparticle and interparticle. Pyrite is also 
observed to provide intragranular micro-porosity. Intraparticle porosity is related to the 
coccolith pellets and foraminifera shells. These biogenic remains are mostly filled with 
clay and calcite minerals. Interparticle porosity is related to the pore spaces within less 
clayey matrix. SEM revealed an isolated nature for the porosity. 
3.1.2 Slightly bioturbated marlstone lithofacies 
This facies displays similar composition with the faintly laminated to laminated 
marlstone facies. Differences exist between the textures mainly. This facies displays 
laminations that were disturbed by increased bioturbation on the order of one to three 
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(Figures 3.11-12). The burrowers are the Chondrites and Planolites of the Cruziana 
ichnofacies. The Planolites forms circular to elliptical burrows and these burrowers are 
deposit-feeders. The presence of the Planolites in addition to the Chondrites indicated 
an increase in the oxygenation during the deposition. Bioturbation intensity is between 
zero to three. 
 
Figure 3.11 Slightly bioturbated facies from the B chalky marl interval. 
 
 
Figure 3.12 Slightly bioturbated facies from the C chalky marl interval. 
 
Slightly bioturbated facies displayed a churned nature in thin section. The original 
depositional fabric can still be inferred as the laminations were slightly disturbed and 
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reflected discontinuities. The microfacies is defined as pelletal, calcareous & silty 
marlstone in thin section. Increased bioturbation resulted in an increased homogeneity 
in the texture. The microfossils are dispersed throughout the matrix and consist of 
uniserial, biserial and triserial foraminifera representing oxygenated water conditions. 
The foraminifera are occasionally filled with pyrite and/or clay minerals. Inoceramid shell 
fragments were identified by their prismatic structure. Coccolith pellets are abundant 
and reflect a wide range of colors from dark brown to tan brown. Coccolith pellets are 
compacted due to physical diagenesis. Pyrite framboids and nodules are sparse, 
indicating oxygen reducing conditions were present. Planolites Ichnofacies are present 
supported by the observation of a silt filled burrow observed in thin section.  
The facies is described as calcareous mudstone to clayey-silty limestone in SEM. 
The quality of preservation of the coccolith pellets were very low due to compaction and 
increased bioturbation in the interval. Siliciclastic and carbonate minerals are scattered 
on a clayey matrix. Pore types are intraparticle, interparticle, and pyrite related. The 
pores are isolated due to high clay content. Presence of high amounts of framboidal 
pyrite content suggest that reducing conditions were active during the deposition.  
3.1.3 Moderately to Heavily Bioturbated Marlstone 
The lithofacies (Figures 3.13-14) displays an almost massive texture with higher 
silt and clay content than the other facies. The facies contains very little number of 
preserved laminations. The laminations were almost completely disturbed by 




Figure 3.13 Moderately to heavily bioturbated facies from the B chalky marl interval. 
 
 
Figure 3.14 Moderately to heavily bioturbated facies from the C chalky marl interval. 
 
Zoophycos/Teichichnus ichnofacies were observed and their presence 
represented increased oxygen content during the deposition. The burrowers are 
associated with the Cruziana ichnofacies living in offshore environments. Teichichnus 
represents the dwelling/feeding burrow of a deposit-feeding organism. Zoophycos are 
grazing traces of a deposit-feeding organism. The ichnofacies belongs to both distal 
Cruziana and Zoophycos ichnofacies found in fully marine and offshore environments.  
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The facies is represented by bioturbated pelletal, silty & calcareous marlstone in 
thin section. The microfacies includes more clay and silt content than the less 
bioturbated microfacies. The original depositional fabric is obscure due to the 
bioturbated nature of the facies. The increased bioturbation also represented an 
increase in the bottom-water oxygen contents. Coccolith pellets are mostly churned and 
displaced due to bioturbation. These pellets reflect variable colors (dark brown to tan 
brown). The pellets are mostly filled with clay minerals that decreased the effective 
porosity. The increased silt & clay input also resulted in attenuated levels of calcite and 
coccolith pellet concentration.  
The facies is described as silty and clayey limestone to calcareous shale in SEM. 
The carbonate-rich laminations were disrupted, and calcite content is scattered 
throughout the matrix. The dispersed calcite content is related to increased bioturbation 
resulted in mixing of the whole matrix by organisms. This also provided a relatively more 
homogenous geomechanical profile for the bioturbated facies. Preserved coccolith 
pellets contain clay minerals such as kaolinite and mixed I/S. Organic remnants of wood 
pieces are also present in the interval. Presence of the wood pieces supported the 
contribution of woody macerals. Pyrite in the form of framboids are abundant and these 
grains provided intergranular micro-porosity. The presence of abundant framboidal 
pyrite provided evidence for the presence of the active reducing conditions during the 
deposition. Minor dolomitization was also observed. 
3.1.4 Fractured Marlstone Facies 
The interval is almost completely bioturbated and displays a massive texture. 
The facies contains elevated concentrations of silt and clay, and represents deposition 
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under oxygen rich conditions. The hairline fractures observed on both core and in thin 
section formed as a result of higher clay and silt input (Figure 3.15). This facies reflects 
an increase in the clastic input due to the intensified stream incision and increased 
sediment transportation rates from the shorelines. Therefore, the facies represents 
deposition at higher sedimentation rates which occurred during relative sea level falls. 
The ichnofacies observed included Planolites and very rare occurrence of 
Zoophycos/Teichichnus. Bioturbation intensity is five.  
 
Figure 3.15 Fractured marlstone facies from the C chalky marl interval. 
 
The facies is represented by intensely bioturbated and silty marlstone in thin 
section. The microfacies does not include any preserved laminations and the original 
depositional fabric is unattainable. An abrupt increase in the clay and silt content is 
observed. The calcite content is subsequently decreased. Evidence for the decreased 
calcite content is provided by the low number of foraminifera present. In addition, XRF 
elemental data display that the intensely bioturbated intervals contain elements 
predominantly transported from the terrestrial environments. Silicon, potassium, and 
aluminum content is increased, whereas calcium content is decreased in the interval.  
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 Wood fragments are present and its presence provided evidence for the 
increased terrigenous influence. The coccolith pellets are very low in concentration and 
display churned nature. Pyrite content prevails at high concentrations, and supported 
the presence of reducing conditions during the deposition. Based on SRA, organic 
carbon content in the facies is relatively lower than organic richness of the remaining 
facies. The decrease in the organic carbon content is interpreted to be a result of 
dilution by siliciclastics. Ichnofacies assemblages are not visible due to the intense 
bioturbation. Diagenetic features include clay diagenesis, pyritization, and minor 
dolomitization. Calcite is mostly found as an authigenically formed matrix component 
(micrite) and minor foraminifera. Some of the foraminifera chambers are filled with 
pyrite.  
The facies is defined as calcareous silty shale in the SEM. There are abundant 
calcite minerals scattered around the matrix due to intense bioturbation. Biotite flakes 
are present. Pore types include intraparticle and interparticle pores with contributions 
from pyrite. Pores are isolated based on the observations gathered from SEM. Low 
permeability values were observed in the interval based on SRP.  
3.1.5 Bentonite 
During the deposition of the Niobrara Formation, WIS had been exposed to 
numerous volcanic activities. The volcanic activities resulted in the transportation of 
volcanic ashes composed of terrestrial materials such as silt sized quartz, and kaolinite 
clay minerals into deeper parts of the basin. These fine grained sediments were 
deposited as bentonites in open marine settings (Figure 3.16). Bentonite beds bear 
geologic importance due to their laterally extensive nature, which are used as marker 
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beds in basin-wide correlations. The numerous bentonite beds observed on cores, 
reflect variable textures. Texture varied from firm to friable-earthy. The presence of 
different textures might represent presence of multiple paleo-volcanic sites which 
produced volcanic ashes with different compositions.  
 
Figure 3.16 Bentonite facies from the C chalky marl interval. 
 
Bentonite microfacies in thin section revealed a mineralogical understanding on 
these volcanic ash deposits. The B chalky marl interval has numerous bentonite beds 
with thicknesses under an inch. On the other hand, the C chalky marl interval includes 
more diverse bentonite beds. These beds reflect textures ranging from firm-crystalline to 
friable-very earthy. The thicknesses of some of the bentonite beds in the C chalky marl 
interval reach up to 3 inches. The color of these bentonite beds vary from light beige to 
brownish grey. Main mineral constituents observed in thin section include kaolinite 
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within a highly clayey matrix, quartz, biotite, and pyrite. Kaolinite was found to form the 
bulk of the composition. Biotites were mostly altered into kaolinitic clays. The facies 
includes abundant pyrite in the form of nodules and framboids. Its cubic crystal structure 
can be observed very clearly under the microscope. In addition to kaolinite and biotite, 
silt-sized quartz grains are present. These silt grains are mostly angular to sub-angular. 
The angularity of the grains might be an indication of the type of the transportation 
mechanism. The high angularity of grains indicates close vicinity to provenance areas. 
In the case of the Niobrara Formation, the silt-sized quartz grains might be transported 
via dust/storm, hypopycnites or hyperpycnites. The angular grains observed in thin 
section display transportation without disturbance. Therefore, the grains might be 
transported via dust/storm and hypopycnites. These mechanisms reduced the effects of 
grain to grain collisions. Summary tables for facies with their reservoir properties are 
displayed on Figures 3.17 and 3.18. 
 




Figure 3.18 Ponderosa Deep Unit 44-17 C chalky marl interval facies summary. 
 
3.2 Depositional Environment 
The Niobrara Formation in the Trabing Field reflected characteristic open-marine 
deposition. The deposition was highly influenced by the structural deformation and 
eustatic fluctuations resulting in transgressive-regressive trends. These trends were 
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reflected at scales from hundreds of feet to nanometers scale. The transgressive-
regressive nature of the deposition resulted in different stratigraphic architectures.  
During transgressive intervals, the sedimentation rates decreased due to a 
relative rise in the sea-level. The organic carbon preservation was better due to minimal 
dilution by siliciclastics and sufficient sedimentation rates prohibiting oxidation. During 
these transgressive periods, southern parts of the WIS were characterized by cleaner 
chalk deposition, while northern parts displayed more marl deposition. Thicker shale 
deposition occurred along the western flanks. Rising sea-level conditions resulting in 
more stagnant water conditions displayed better preservation and enrichment of 
organophyllic elements and redox sensitive elements. Therefore, transgressive intervals 
displayed better reservoir-source potential 
Regressive intervals displayed increased sedimentation rates due a relative sea-
level fall resulting in intensified delta progradation. Oxygen concentrations relatively 
increased in the basin. The quality of preservation of the organic matter decreased due 
to increased dilution. Cleaner chalk deposition on the southern parts of the WIS were 
attenuated. Instead, deposition of interbedded marl and chalk intervals occurred. Marl 
deposition increased in the northern parts and the extents of the shale deposition on the 
western flanks expanded. This resulted in a slightly lesser reservoir-source potential for 
the lithologies deposited during sea-level falls due to increased dilution. The 














3.3 Scanning Electron Microscopy (SEM) Mineral Analysis 
Further identification of the mineral constituents of the cored intervals was carried 
out by applying EDS (Energy dispersive spectroscopy) point analysis. 
EDS point analysis identifies different minerals by their characteristic X-ray 
responses. The atomic structure is disturbed by the primary electron beam located in 
the SEM device which ionizes the atoms. As the atoms are returned to their stable 
states, a specific amount of energy in the form of X-rays are emitted, in which X-ray 
energies are measured and recorded by the receiver by using the difference between 
electron shells, electron spins, and the atomic number (proton number). The result is a 
spectroscopic chart and the minerals are identified by different peaks (Welton, 2003).  
EDS point analysis was performed on SEM samples corresponding to different 
facies of the Niobrara Interval. The analysis not only provided visual but also chemical 
evidence of the presence of the mineral constituents. The EDS point analysis provided 
mineral mapping on SEM samples. The analysis also provided the molar percentages of 
the samples. The identification of minerals was made possible by interpreting different 
molar concentrations of elements. The minerals observed included quartz, calcite, 
organic matter, potassium and plagioclase feldspar, and pyrite, which are the common 
minerals found in the Niobrara Formation. See appendix B for SEM-EDS images. 
3.4 Bioturbation and Reservoir Quality 
The cored intervals contained bioturbation levels ranged from negligible 
disruption to intense burrowing. The bioturbation resulted in alterations in the reservoir 
quality, such as, porosity, permeability, degree of lamination, and sediment sorting. The 
main burrowers identified in the cored intervals were dominantly Chondrites, Planolites 
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and rare occurrence of Zoophycos/Teichichicnus. These organisms are classified as 
sediment packers. Sediment packers fill finer-grained materials including clay, organic 
matter, and silt into their burrows and cause a decrease in the isotropy, thus a decrease 
in the permeability (Tonkin, 2010). 
The Niobrara Formation is defined as a continuous source rock play reflecting 
permeability values below 0.1 mD. The permeability can increase by applying certain 
production methods including hydraulic fracturing. Hydraulic fracturing accompanied by 
the presence of natural fractures can create the permeability during production.  
In the formation, although the burrowers were observed to decrease the 
permeability, these burrowers also mixed the sediments. The mixing resulted in an 
increase in the isotropy and homogeneity (Tonkin, 2010). The increased isotropy and 
homogeneity is attributed to organisms’ living and feeding habits on these muddy 
substrates. Theoretically, the lack of continuous laminations would have resulted in an 
increase in the geomechanical character. In addition, burrowers sorted the grains 
preferentially, and this might have resulted in decreasing the porosity values while 
improving the reservoir quality. An increase in the brittleness of the units in bioturbated 
intervals, and a slight relative decrease in the porosity was observed in the cored 
intervals. The C chalky marl interval, although located deeper than the B chalky marl 
interval, reflected increased porosity and decreased permeability values in a more 





3.5 Cyclic Nature of the Niobrara Formation 
The Niobrara Formation (Late Cretaceous) was deposited during a 3rd order sea 
level rise (Figure 3.21). The Niobrara Formation was deposited between the Late 
Turonian (~ 90 Ma) and Lower Campanian (~ 82 Ma). The effects of sea level changes 
during the deposition of the Niobrara Formation resulted in a complex geological 
architecture. The Formation consists of both siliciclastic and calcareous sequences 
deposited during an overall transgressive stage. The deposition of each alternating 
sequence reflects direct influence from the eustatic controls and structural deformation.  
 
 
Figure 3.21 Transgressive-Regressive nature of the WIS and its relation to the 
deposition of the Niobrara Formation (Drake and Hawkins, 2012). 
 
The alternating marlstone intervals and chalk beds (Figure 3.22) are likely to be 
formed due to cycles related to the Earth’s orbital movement. Intervals with increased 
carbonate content were deposited under transgressive conditions. Intervals consisting 
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of predominantly siliciclastic materials are likely to be deposited during highstands 
(Kaufmann et al., 1985).  Kaufmann et al. (1985) suggests suboxic to dysoxic to euxinic 
water columns in the WIS.  
 
 
Figure 3.22 Depiction of the transgressive-regressive nature of the Niobrara Formation 
reflected in 3rd order sea-level changes (Drake and Hawkins, 2012). 
 
In a sequence stratigraphic framework, sea level changes across the WIS during 
the deposition of the Niobrara Formation can be summarized as follows: 
Highstand conditions resulted in elevated sea levels and a shoreward shift in the 
depositional facies. Increased water levels caused the warmer Tethys Ocean to intrude 
further northward and mix with the cold Arctic waters. Sea level conditions also 
promoted biogenic activity. Condensed sections might have formed during times of 
basin starvation. Sedimentation rates decreased, and lithology was dominated by 
cleaner carbonates alternating with marlstones. The relative sea level falls, on the other 
hand, resulted in a basinward shift of the depositional sequences. Sea level falls 
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resulted in minimal carbonate production. The falling sea levels resulted in an increase 
in the siliciclastic input from the Sevier Highlands. Hence, biogenic activities decreased. 
The amount of organic carbon transported via stream and currents as well as 
preservation quality of TOC increased. However, chalky intervals were diluted by 
siliciclastic sediments (silt and clay) where the water column was relatively more oxic. 
The rate of sedimentation increased, and the depositional environments were 
characterized as interbedded carbonaceous marlstones and chalk intervals (Laurin et 
al., 2004; Jarvis et al., 2006; Locklair and Sageman, 2008). 
The depositional patterns were strongly influenced by the sea level changes in 
the WIS. The combined influence of tectonics and eustasy controlled the basin 
geometry and depositional architecture.  
Sequence stratigraphic analysis of the Niobrara Formation started out by 
investigating the cyclic patterns on the formation scale. Gamma-ray and resistivity log 
responses were used to delineate the 4th order cyclicity in the formation. Based on 
cyclic patterns delineated on the logs, the Niobrara Formation displayed similar profiles 
with the literature by indicating the deposition occurred between T7a and R7d. The 
transgressive and regressive units were compared with the study conducted by Drake 
and Hawkins, and supported their observations. These units should be further studied to 
understand their continuity between the Rocky Mountain Basins. The results are 






Figure 3.23 Log scale sequence stratigraphic framework of the Niobrara Formation is shown. The framework includes 3rd 
and 4th order cyclicity. Significant stratigraphic surfaces (SB, MFS, MRS) are also shown. Biozones were adopted from 




The investigation of the cyclicity on the parasequence scale started out by 
observing color changes in the cored intervals. The dominant color is gray, and the 
shade varies depending on the composition. The color variation is directly related to the 
variable distribution of the carbonate and terrestrial elements. The gray scale varies 
depending on whether there is an increase in carbonate content and vice versa. The 
darker gray intervals represent increased terrestrial influence where siliciclastic quartz 
and clay concentrations increased. On the other hand, lighter colored intervals reflect an 
increase in the carbonate concentration. The variations in the gray scale is a clear result 
of the relative sea-level changes occurred throughout the WIS. The intervals with 
increased terrestrial components were deposited under relative sea-level falls. These 
intervals were characterized by active stream incision on the western flank of the PRB. 
The siliciclastic sediments were transported to the open-marine settings via oceanic 
mechanisms and storm events. The silt/clay sized materials (including Si, Al, Ti, Fe, K) 
were transported in the form of dusts via hypopycnal flows where clay floccules were 
deposited as suspension material, or via hyperpycnal flows occurring on the sea-bottom 
where major terrestrial elements (Si, Al, K, Ti) were transported by bottom currents 
(Figure 3.24).  
On the other hand, the carbonate deposition increased during relative sea-level 
rises. The streams on the western flank were drowned, and intensity of siliciclastic 






Figure 3.24 Mudstone deposition scheme (Sonnenberg, Personal Communication, 
2018). 
 
Systems tracts delineation of the cored intervals was carried out by investigating 
the trends in the gamma-ray, XRF, and gray scale. The Niobrara Formation was 
deposited during a higher scale transgressive period. In the Niobrara Formation, 
transgressive systems tracts are represented by a decreasing trend in the gamma-ray 
and, an increase in the calcium content and a decrease in the silicon content. Highstand 
systems tract, on the other hand, reflects conditions where relative the sea-level rise 
was slowed down and created aggradational to progradational parasequence set 
patterns. Highstand conditions are reflected in an increase in the gamma-ray log, an 
increase in the silicon readings and a decrease in the calcium contents.  
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To understand the cyclic nature of the Niobrara Formation in more detail, trends 
in the XRF results and variations in the gamma-ray logs were investigated. The 
Niobrara Formation was deposited during a third order cycle. Fourth order cyclicity in 
the total Niobrara interval was reflected on the trends in the gamma-ray logs as well. 
The Buffalo 14 1FH well was used to define the third and fourth order cycles. On the 
finer scale, the B chalky marl interval reflected the cyclic nature very clearly. This was 
due to its less bioturbated nature permitting visual delineation of the original rock fabric. 
Three complete Milankovitch cycles using the XRF and gamma-ray logs, as well as, 52 
higher order Milankovitch cycles from the gray scale analysis were defined. In addition 
to the gray scale cycles, 35 Milankovitch cycles were identified by investigating the 
increasing vs. decreasing trends in the silicon and calcium readings from the XRF 
(Figure 3.25). Both the grey scale and XRF scale cycles supported each other by 
providing a similar trend in terms of eustatic cycles. 
The Ponderosa Deep Unit 44-17 well was investigated to understand the cyclic 
nature of the C chalky marl interval. The same workflow from the B chalky marl interval 
is adopted. As a result, four complete sets of Milankovitch cycles based on the XRF and 
Gamma-ray log were observed. In addition, 28 higher order Milankovitch cycles based 
on the grey scale variations, as well as, 30 cycles based on XRF were identified. The 
lesser number of the higher order cycles is attributed to the more bioturbated nature of 
the C chalky marl interval. These Milankovitch cycles are related to the variations in the 
Earth’s orbital movement and axis (orbital eccentricity, axial obliquity, and axial 
precession) through geologic time. The bioturbation resulted in a more homogenous 




Figure 3.25 Core Scale sequence stratigraphic framework of the B chalky marl interval 
from Buffalo 14 1FH. 
 
 
Figure 3.26 Core Scale sequence stratigraphic framework of the C chalky marl interval 
from Ponderosa Deep Unit 44-17. 
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Significant stratigraphic surfaces for the B and C chalky marl intervals are 
displayed in Figures 3.27 and 3.28. The frameworks which display similar results with 
the literature were found useful for providing a sequence stratigraphic understanding on 

















Figure 3.28 Facies distribution and significant stratigraphic surfaces from Ponderosa Deep Unit 44-17 well covering the C 





MAPS AND CROSS-SECTIONS 
4.1 Overview 
This chapter investigates the structural trends and stratigraphic complexity of the 
Niobrara Formation using subsurface maps and field-wide well-log correlations. 
Subsurface structure maps and cross-sections were used to identify the attitude of beds 
and faulting in the study area. Thickness Isopach maps and stratigraphic cross-sections 
delineated the stratigraphic complexity and continuity of the units throughout the 
Trabing Field. 
4.2 Structural Cross-Sections 
Structural cross-sections provided valuable information on the present-day 
structural configuration of the Niobrara Formation in the Trabing Field. Implications on 
the reservoir compartmentalization were obtained from the structural cross-sections. In 
addition, the structural cross-sections were found useful for delineating the migration 
mechanisms, spill points, and fault geometry. These attributes directly influenced the 
quality of the petroleum system of the Niobrara Formation. 
4.3 Stratigraphic Cross-Sections 
Stratigraphic cross-sections yield an understanding of the depositional 
relationships of the units in the context of time. The different depositional characteristics 
of the different members of the Niobrara Formation can be observed on the stratigraphic 
cross-sections. In the study area, the datum is the top of the B chalky marl interval. The 
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top of the Niobrara Formation marks a strong regression. The marker bed was found to 
be correlatable for long distances. The cross-sections also provided information on the 
timing of the deformation on the strata.  
4.4 Subsurface Mapping 
To understand the stratigraphic and structural influences on the depositional 
character of the Niobrara Formation, individual intervals throughout the study area were 
mapped. Eight wells were used in the field-wide correlations. The maps and cross-
sections were generated using the IHS Petra Software. The highly connected features 
gridding algorithm and smallest grid sizes were used. The tops of the individual intervals 
of the Niobrara Formation were picked on gamma-ray, resistivity, and neutron-density 
logs. Raster logs were obtained from Wyoming Oil and Gas Conservation Committee 
(WOGCC). Digital well logs were provided by Black Hills Exploration and Production.  
4.4.1 Structure Maps 
The structure maps of each individual interval were prepared using the formation 
tops. The structure maps depicted lines of equal elevations for the Niobrara intervals 
and displayed the attitude of the beds. Figure 4.1 displays the location of the Trabing 
Field on the structure map generated on the top of the Niobrara Formation.  
4.4.2 Thickness Isopach Maps 
The thickness maps provided geologic information on the depositional trends in 
association with the pre- or post-depositional alterations. The thickness maps were also 
used for understanding the reservoir quality. Better reservoir intervals display sufficient 





Figure 4.1 Structure map of the western parts of the PRB on top of the Niobrara Formation.
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4.5 Observations and Interpretations 
The maps and cross-sections yielded important information on the subsurface 
geology of the Niobrara Formation and its sub-members. The Formation is subdivided 
into three chalky marl and two marl intervals. Figure 4.2 depicts the type log for the 
Niobrara Formation in the study area.The structure maps generated on the bottom of 
the Niobrara Formation, C chalky marl, B marl, B chalky marl, A marl, and top of the 
Niobrara Formation (A chalky marl), supported the western-southwestern dipping nature 
of the beds in the study area (Figures 4.3-4). The variations on the structure maps are 
interpreted to be a result of the regional and local tectonics.  
 
Figure 4.2 Well-Log section depicting the Niobrara interval (From Petra database). 
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The isopach maps provided an understanding of the thickening and thinning 
trends in the study area (Figures 4.5-6). The marl intervals are observed to reflect 
similar trends in terms of the thickness variations. The A and B marl intervals thicken 
towards northwest in the field. The few variations in the thickness trends might be 
related to the post-Laramide extensional tectonism which created depressions on the 
depositional surfaces and sub-marine erosional agents which created scours. The 
thickness trends of the chalky intervals revealed different patterns individually. The C 
chalky marl interval thickens towards the southeast. The thinning of the strata at certain 
parts are related to the structural deformation and submarine erosion. In addition, the 
thickness variations in the C chalky marl interval are related to the scoured nature of the 
Carlile boundary below. This resulted in differential compaction. The B chalky marl 
interval reflects variable trends with main thickening occuring towards the western 
portion. The thickening might also be related to the close proximity to the basin axis 
where higher sedimentation rates were present. The A chalky marl interval thickens 
towards the northeast, and displays a change in the direction of sedimentation. The 
isopach map of the total Niobrara interval reflects an overall thickening trend towards 
the southwest in the Trabing Field.   
The structural cross-sections showed the dipping nature of the Niobrara 
Formation (Figure 4.5) , as well as, the nature of faulting in the study area. Based on 
structural cross-sections, normal faulting is inferred (Figures 4.6). The stratigraphic 




Overall, the sub-members of the Niobrara Formation were deposited fairly 
uniformly throughout the study area (Figures 4.7-8). Intervals having higher calcite 
contents possessed stronger thickness changes than the marly intervals. This might be 
related to the lower depositional energy nature of chalk intervals. The subsurface 
geology of the Niobrara Formation and its members provided information on the 
influence of structural deformation, and on variations in the depositional mechanisms. 
The Niobrara Formation thickens southwestward similar to what literature indicated. 
Faulting is related to recurrent movement on the basement induced faults, 
paleotectonism on the transcontinental arch, Sevier and Laramide Orogenies, post-
Laramide Orogeny and Neogene extension, and a combination of the mechanisms. The 
B chalky marl interval is the thickest carbonate-dominated interval with thicknesses 
ranging from 120 to 173.3 ft. The B marl interval represents the thickest marl unit with 
thicknesses in the range of 81.2-117.9 ft. The C marl interval is not present in the study 
area. The C chalky marl interval has a thickness range of 79.1-114 ft. and possesses 
adequate thicknesses for exploration. The total Niobrara interval has thicknesses in the 






















































5.1 XRF (X-ray Fluorescence) Overview 
This chapter investigates the elemental distributions of the Niobrara Formation. 
The trends in the elemental distributions combined with lab measurements (SRA, XRD, 
and SRP) allowed a better delineation of depositional and diagenetic events in the 
Niobrara Formation. In this study, XRF analysis was performed on both cored intervals 
to increase the resolution of the available data and to get a better understanding of the 
elemental factors influencing the petroleum potential of the B and C chalky marl 
intervals. The observations from the XRF analysis improved the geologic interpretations 
and provided a better understanding of the reservoir and source architecture. The 
analysis also made it possible to observe implications on the detrital vs. 
authigenic/biogenic silica, intensity of terrigenous influx, delineation of maximum 
flooding and maximum regression surfaces, intensity of organic matter influx, and basin 
restriction/redox conditions. 
The analysis was performed at half foot (six inches) intervals to better show the 
heterogeneous nature of the Niobrara Formation. The analysis was conducted by using 
the handheld Thermo Scientific Niton XL3t GOLDD+ ED-XRF tool. 
5.1.1 Terrestrial Elements 
Terrestrially influenced elements include silicon (Si), aluminum (Al), titanium (Ti), 
potassium (K), zirconium (Zr), and rubidium (Rb) (Sageman & Lyons, 2009). Al and Ti 
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are the strongest detrital indicators and display stability in terms of diagenesis and 
dilution (Tribovillard et al., 2006). Both Al and Ti are sourced detritally from eolian, fluvial 
and lacustrine environments. Al is a major element found in clay minerals and 
bentonites in the Niobrara Formation. Titanium is an indicator of the windblown silt 
grains and is incorporated into the composition of the silt sized sediments. The ratio of 
Ti/Al have been used by the previous researchers as a proxy for the sediment transport 
mechanisms (windblown or stream transported). K and Rb constitute predominantly 
potassium feldspars. Zirconium is mostly found in zircon form (ZrSiO4) (Sageman & 
Lyons, 2009).  
The origin of the silicon content is investigated by cross-plotting Si and Al along 
with Si vs Zr. A positive correlation between the elements indicates a detrital source for 
the silicon, whereas a negative correlation would imply biogenic/authigenic origin. The 
cross-plot between K and Al is used to understand the origin of potassium either as a 
detrital clay fraction or a biogenic/diagenetic element.  
The relative changes in the concentrations of Ti and K are proxies for 
understanding the intensity of the terrigenous input. Increasing concentrations of Ti and 
K indicate increased terrigenous input, whereas decreasing trends point to a decrease 
in the terrestrial input. The ratio of Zr/Nb can be used as a grain size indicator and a 
proxy for locating the maximum flooding (MFS)/regressive surfaces (MRS). Increasing 
ratios indicate a larger grain size along with proximity to the maximum regressive 
surface. Decreasing ratios of Zr/Nb indicate smaller grain sizes approaching the 
maximum flooding surface. The ratio is useful for understanding the sequence 
stratigraphic nature of the intervals as well. 
98 
 
5.1.2 Authigenically Enriched Elements 
Authigenically enriched elements cover molybdenum (Mo), uranium (U), thorium 
(Th), sulfur (S), phosphorus (P), vanadium (V), nickel (Ni), copper (Cu), and chromium 
(Cr) (Sageman & Lyons, 2009). These elements are used in delineating proxies for 
organic matter preservation quality and redox conditions. Authigenically enriched 
elements can be sub-analyzed for redox-sensitive trace elements, paleo-productivity 
indicators, and euxinia indicators.  
Redox-sensitive elements respond to changes in the bottom-water oxygen levels. 
These elements are Mo, U and V. Cr is also considered as a redox-sensitive trace metal 
under circumstances where it shows a negative correlation with Al. Understanding the 
redox conditions is vital in terms of understanding the quality of preservation of the 
organic matter in the Niobrara Formation, since bottom-water oxygen conditions 
changed periodically due to eustatic fluctuations.  
Cu and Ni are micronutrients and changes in their concentrations are indicators 
of the efficiency of the organic matter transportation. In addition to Cu and Ni, Zn is also 
considered a nutrition source for marine organisms (Tribovillard et al., 2006). 
Although a very controversial topic that has yet to be understood in the earth 
sciences, euxinia might have been present in ocean bottoms. Euxinic conditions arise 
when dissolved oxygen concentrations drop substantially with respect to a unit volume 
of ocean water, and results in the incorporation of elevated sulfur content in the form of 
H2S (hydrogen sulfide) (Meyer & Kump 2008). Therefore, enrichment of S has 
implications on the presence/absence of euxinia. In addition to enhanced S 
concentrations, iron (Fe)/Al ratio, V/Cr, selenium (Se) concentrations, and enrichment of 
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Mo are considered proxies for the presence/absence of euxinia/anoxia. Scott and Lyons 
(2012) and Scott et al. (2017) indicated that the Mo concentrations can be used to 
understand the redox conditions in marine shales. Based on their research, intervals 
with Mo concentrations exceeding 100 ppm reflected persistent euxinic conditions. Mo 
concentrations between 25 and 100 ppm exhibited moderately strong euxinic 
conditions, whereas Mo concentrations below 25 ppm indicated active anoxia-suboxia. 
In addition, the V/Cr ratio was used to understand the oxic-anoxic nature. Jones and 
Manning (1994) indicated that V/Cr < 2 is an indicative of oxic environments. V/Cr 
between 2 and 4.25 is an indication of dysoxia and ratios above 4.25 display persistent 
anoxia.   
5.1.3 Carbonate/Productivity Indicators 
Carbonate/productivity related elements include calcium (Ca), strontium (Sr), 
magnesium (Mg), and manganese (Mn). Mn is not only considered as a strong proxy for 
redox conditions, but also displays close relation to carbonate environments (Sageman 
& Lyons, 2009). Ca is the major element found in carbonate minerals. In the Niobrara 
Formation, Ca is predominantly biogenic and is incorporated in body fossils such as 
inoceramid shells, fish scales, oysters and foraminifera. Ca is also a common matrix 
material, and might be authigenically formed as micrite. Sr is found in environments with 
aragonite enrichment where Sr replaces Ca. Therefore, its trends compared with Ca 
can be used as a proxy for the degree of diagenesis. In other words, these trends can 
be used as environmental proxies where Sr-producing organisms were prevalent. Mn is 
defined as a major element promoting transportation of trace metals from the water 
column to the sediments on the bottom surface (Tribovillard et al., 2006). The presence 
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and enrichment of Mn depends on its transportation and burial under oxic conditions 
followed by the entrapment of Mn during lithification and eventual reduction to Mn+2 
state by diagenesis and recrystallization. Mg is a major element incorporated in 
dolomite mineral and is incorporated into the mineral composition where Mg replaces 
Ca. Under circumstances where Mg shows a positive correlation with Ca, trends in the 
magnesium concentration can be used as a proxy for the authigenic dolomite formation 
(Sageman & Lyons, 2009). 
5.2 Results and Discussion 
XRF results displayed trends indicating changes in the elemental distributions in 
the cored intervals. Intervals reflecting a relative decrease in the terrestrially influenced 
elements concentrations are interpreted as an overall increase in the carbonate content 
and provided an understanding of the cyclic nature of the Niobrara Formation.  
The intervals displaying a relative decrease in the Si, K, Al, and Zr concentrations 
are interpreted as zones reflecting an increase in the authigenic/biogenic influence and 
lesser dilution by siliciclastics. Si vs. Al cross-plots reflected a good correlation in both 
cored intervals. Therefore, the silicon content is detrital sourced. Two different trends in 
Al vs K content were observed in the B chalky marl interval, whereas the C chalky marl 
interval displayed a moderate correlation. These two trends in the B chalky marl interval 
are related to the presence of the plagioclase feldspar with potassium feldspar as well 
as the fact that Al being a major element in the clay (mixed I/S and illite) minerals. The 
presence of numerous bentonite beds also influences the Al content, since bentonites 
mostly consist of kaolinite clay minerals which contain high concentrations of Al.  
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Al vs. Ca cross-plots supported the Ca being authigenically formed (Figure 5.1).  
Sr displayed a good correlation with Ca. Hence, aragonite enrichment is not present in 
the intervals.  
 
Figure 5.1 Determination of the origin of silicon, potassium, aluminum and strontium 
(black squares represent the B chalky marl interval, orange crosses represent the C 
















































































Cr displayed a weak correlation with Al. Therefore Cr is a proxy for the redox 
conditions (Figure 5.2). Although, most of the Cr was supplied into the depositional 
system by detrital processes, it followed a different enrichment pathway when compared 
to Al.  
Mo vs. V cross-plots reflected a relatively weak correlation in the B chalky marl 
interval. Mo and V can be considered to have followed different pathways for their 
authigenic enrichment. On the other hand, the C chalky marl interval displayed good 
correlation between Mo and V. Thus, Mo and V were used as redox proxies. S showed 
weak correlations with Mo, V, Cu, Ni and Zn (Figure 5.2).  
The S is interpreted to have been enriched under strong reducing conditions, 
which resulted in extensive pyrite formation. In addition, the S and organophyllic 
elements (Cu, Ni, and Zn) displayed weak positive correlations. Cu, Ni, and Zn are 
therefore authigenically enriched by organic productivity and reducing conditions for the 
preservation of the organic content (Tribovillard et al., 2006).  
Al vs. Fe cross-plots showed a weak positive correlation and displayed 
authigenic enrichment of the Fe. Authigenic Fe enrichment is also supported by the 
negative correlation between Zr and Fe. Enrichment of Fe contributed to pyrite 
formation. Se showed a moderate positive correlation with S in the B chalky marl 
interval and a very weak correlation in the C chalky marl interval. Se can be considered 




Figure 5.2 Comparison of redox-sensitive elements and terrestrial/authigenic influence 
on redox sensitive elements (black squares represent the B chalky marl interval; orange 







































































































Figure 5.3 Influence of organophillic trace elements on depositional conditions (black 
squares represent the B chalky marl interval; orange crosses represent the C chalky 
marl interval). 
A very weak positive correlation between S and U might point to the possibility of 
not having complete anoxia and might indicate the presence sub-oxic conditions. The 
weak positive correlation between S and U pointed out to the authigenic enrichment of 
both elements under different depositional circumstances. Mo enrichment displayed a 
predominantly anoxic-suboxic water column (Figure 5.4). Intervals displaying euxinic 
character reflected Mo concentrations between 25 and 100 ppm. Based on Mo 
enrichment, the C chalky marl interval reflected stronger euxinia than the B chalky marl 
interval. V/Cr ratio displayed mainly dysoxa for both intervals (Figure 5.5). The C chalky 

























































































































the Mo enrichment and V/Cr ratios displayed a dominant dysoxia for the depositional 
environment.  
 
Figure 5.4 Analysis of the redox conditions based on the Mo enrichment. 
 
 
Figure 5.5 Analysis of the redox conditions based on the V/Cr ratio. 
Increasing reduction  
Increasing reduction  
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TOC content is displayed along with the chemostratographic framework (Figures 
5.6-7). The trends in the TOC displayed similarities with the trends in the redox 
indicators. In the C chalky marl interval, the increasing TOC contents towards the 
bottom displayed similar trends with the increasing enrichment of V, Mo, and U. Thus, 
the bottom C chalky marl interval is interpreted to display stronger reduction and better 
preservation of the organic matter.  
Units defined in the chemostratigraphic frameworks supported the observations 
gathered from the sequence stratigraphic framework. Units which display a relative 
increase in the silicon content and a relative decrease in the calcium content display 
lesser TOC values than units displaying a relative increase in the calcium content and a 
relative decrease in the silicon content. Therefore, the hypothesis that the Western 
margin of the WIS displayed better TOC preservation during times of relative sea level 
rises is further supported by the chemostratigraphic investigation conducted in this 
study. Chemostratigraphic frameworks for the intervals are displayed in Figures 5.6 and 
5.7. See appendix C for a more detailed display on the chemostratigraphic framework. 
Moreover, Th and K readings from the XRF were used to understand the clay type. The 






Figure 5.6 Chemostratigraphic framework of the B chalky marl interval. The interval is 
subdivided into 7 different chemostratigraphic units displaying varying depositional 
aspects. Units 2, 4, 6 and 7 displaying increasing terrestrial influence, corresponds to a 
decreasing trend in the TOC content. Units 1, 3, and 5 displays increasing authigenic 
influence along with increasing reduction. These units correspond to intervals with an 











Figure 5.7 Chemostratigraphic framework of the C chalky marl interval. Red lines 
represent different chemostratigraphic units. Due to interval being highly bioturbated, 
elements display subtle changes. The interval is subdivide into 5 different 
chemostratigraphic units with different implications on the depositional environment and 
TOC preservation. Units 2 and 4 displaying a relative decrease in reduction indicators 
correspond to intervals with decreasing trends in the TOC. Units 1 and 3 displayed good 
visual correlation in terms of organic carbon preservation quality. Unit 5, which displays 
an overall increasing trend of reduction indicators towards the bottom of the cored 
interval, corresponds to an increasing trend in the TOC values. The framework 












Figure 5.8 Clay characterization of the cored intervals (orange triangles represent the C 
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SOURCE ROCK POTENTIAL 
6.1 Source Rock Potential of the B and C chalky marl intervals 
This chapter focuses on the source rock potential of the Niobrara Formation 
using results from the Source Rock Analysis (SRA) and vitrinite reflectance 
measurements performed by Weatherford Labs. Quality, quantity and maturity of the 
organic matter in the cored intervals were investigated. In addition, a burial history 
model was generated to study the key geologic elements and mechanisms that 
influenced quality of the Niobrara Petroleum System.  
The SRA was performed on eight samples taken arbitrarily from the B chalky 
marl and 12 samples from the C chalky marl intervals (Figures 6.1-2). The results and 
observations were used to study the source rock characteristics of both chalky marl 
intervals. The total organic carbon (TOC) content in the B chalky marl interval is in the 
range of 2.37-2.88 wt.% and yielded very good source rock potential. The C chalky marl 
interval displays elevated TOC values within the range of 2.04 to 4.85 wt.%. The 
production indices (PI) are in the range of 0.20-0.28 for the B chalky marl interval and 
0.23-0.29 for the C chalky marl interval. Production indices from both intervals indicated 




Figure 6.1 Source rock analysis of the B chalky marl interval from Buffalo 14 1FH well. 
 
 







Depth Sample Sample TOC S1 S2 S3 Tmax HI OI S2/S3 S1/TOC PI
(feet) Type Prep (°C) *100
11805.9 Core NOPR 2.65 1.84 7.54 0.72 445 285 27 10 69 0.20
11810.1 Core NOPR 2.62 2.32 7.97 0.84 445 304 32 9 89 0.23
11815.3 Core NOPR 2.41 2.04 6.30 0.82 445 261 34 8 85 0.24
11821.5 Core NOPR 2.79 2.68 8.24 0.84 444 295 30 10 96 0.25
11828.0 Core NOPR 2.37 2.89 7.59 0.71 445 320 30 11 122 0.28
11836.6 Core NOPR 2.88 2.76 9.08 0.65 445 315 23 14 96 0.23
11848.5 Core NOPR 2.70 2.23 7.64 1.04 445 283 39 7 83 0.23
11860.5 Core NOPR 2.57 2.20 7.75 0.74 445 302 29 10 86 0.22
Median
Depth Sample Sample TOC S1 S2 S3 Tmax HI OI S2/S3 S1/TOC PI
(feet) Type Prep (°C) *100
11889.6 Vertical Core Chip NOPR 2.74 2.92 8.12 0.08 448 296 3 102 107 0.26
11893.9 Vertical Core Chip NOPR 3.33 4.13 11.79 0.10 447 354 3 118 124 0.26
11897.2 Vertical Core Chip NOPR 2.87 2.82 8.56 0.07 448 298 2 122 98 0.25
11900.2 Vertical Core Chip NOPR 3.24 4.64 11.69 0.11 448 361 3 106 143 0.28
11903.9 Vertical Core Chip NOPR 4.08 5.61 14.17 0.08 449 347 2 177 138 0.28
11909.8 Vertical Core Chip NOPR 4.18 5.51 14.88 0.09 448 356 2 165 132 0.27
11913.2 Vertical Core Chip NOPR 2.04 2.36 5.97 0.09 448 293 4 66 116 0.28
11918.2 Vertical Core Chip NOPR 3.41 4.87 11.69 0.11 449 343 3 106 143 0.29
11925.6 Vertical Core Chip NOPR 4.85 4.86 16.29 0.07 447 336 1 233 100 0.23
11930.9 Vertical Core Chip NOPR 3.27 4.19 10.77 0.02 448 329 1 539 128 0.28
11936.5 Vertical Core Chip NOPR 4.78 5.68 14.51 0.08 445 304 2 181 119 0.28
11941.9 Vertical Core Chip NOPR 3.04 3.28 8.70 0.04 447 286 1 218 108 0.27
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The S2 values are higher than the S1 values for both chalky marl intervals. This 
indicates that the intervals have more generative potential than the producible 
hydrocarbons. The B Chalky marl interval displays S2 values in the range of 6.30-9.08 
mg HC/g rock, whereas the C chalky marl interval reflects S2 values of 5.97-16.29 mg 
HC/g rock. The C chalky marl interval displayed enhanced generative potential when 
compared to the B chalky marl interval. Based on the S2 values, both intervals yielded 
good to excellent source rock potential. The S3 values are in the range of 0.65-1.04 mg 
CO2/g TOC for the B chalky marl interval. The values indicate that the organic matter 
was slightly oxidized. The C chalky marl interval displays lesser S3 values of 0.02-0.11 
mg CO2/g TOC. The lesser S3 values in the C chalky marl interval is attributed to its less 
degraded/oxidized organic matter content.  
The intervals reflected intensive generation/expulsion based on the Tmax vs. PI 
graph (Figure 6.3) and corresponded to the early oil window. The Tmax values were 
measured as 444-445 oC in the B chalky marl interval. The C chalky marl interval 
displayed more mature kerogen with Tmax values ranging between 445-449 oC. The fact 
that the C chalky marl interval is located deeper than the B chalky marl interval yielded 
a more mature nature. The measured Tmax values defined mature source rocks in the 
early oil window as well. In addition to the Tmax, vitrinite reflectance (%Ro) values were 
measured in the range of 0.72-0.74% and supported the mature nature of the B chalky 




Figure 6.3 Tmax vs. production index graph depicting the potential of the B and C 
chalky marl intervals to produce hydrocarbons. 
 
Based on the present-day hydrogen index (HI) values of 261-320 mg HC/ g TOC 
in the B chalky marl interval and 286-361 mg HC/g TOC in the C chalky marl interval, 
organic matter is defined as mixed oil and gas prone (Type II/III). The S2 vs. TOC 
(Figure 6.4) and Tmax vs. HI (Figure 6.5) graphs supported the presence of the Type II/III 
kerogen in the intervals. Modified van Krevelen diagram (Figure 6.5) pointed out to the 
presence of Type II/III kerogen in the B chalky marl interval. In the C chalky marl 
interval, the modified van Krevelen diagram displayed strong Type II kerogen due to 
very low OI values. The low OI values might be related to the C chalky marl having 
stronger redox conditions which was also supported by the observations obtained from 



























































Low Level Conversion 





Figure 6.4 Kerogen type of the B and C chalky marl intervals (S2 vs. TOC). 
 
 
Figure 6.5 Pseudo and original van Krevelen diagrams reflecting the kerogen type of the 







































































Based on the paleogeographic interpretation of the Niobrara Formation which 
indicated open-marine deposition, the formation would consist of predominantly Type II 
kerogen with a contribution of Type III kerogen from the terrestrial environments during 
relative sea-level falls. The Trabing Field is in close proximity to the western margin and 
the presence of Type II/III kerogen is found viable. In addition, based on the fact that the 
organic matter is still in the early oil window, the presence of the Type III kerogen is 
possible. In terms of the reservoir quality, the B chalky marl interval displayed S1 values 
in the range of 1.84-2.89 mg HC/g rock. The C chalky marl interval reflected S1 values 
of 2.36-5.68 mg HC/g rock.  
Both intervals have promising potentials as reservoirs with the C chalky marl 
interval displaying higher reservoir quality. The (S1/TOC)*100, an indicator of both 
maturity and contamination, reflected mature stained source rocks (Figure 6.6). Based 
on the S1/TOC*100 values obtained from SRA, the C chalky marl interval displayed 
elevated potential supported by values over 100, except for one data point displaying 98 
S1/TOC*100. On the other hand, the B chalky marl interval displayed values above 100 
only at one data point, while the remaining values averaged around 86.  Overall, the C 
chalky marl interval when compared to the B chalky marl interval reflected enhanced 
source rock and reservoir potential based on the TOC, S1/TOC*100, S2, HI and PI, and 
lower values of OI. Nevertheless, both B and C chalky marl interval is interpreted to 





Figure 6.6 Geochemical logs depicting the organic richness, hydrocarbon potential, 
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6.2 Vitrnite Reflectance (Ro) 
Virtrinite is a type of maceral found in coals, as well as, in the form of dispersed 
particles in a variety of sedimentary rocks (kerogens derived from land plants and humic 
peats). It is originated from terrestrial vascular plants. Lignin, cellulose and tannins from 
vascular plants are precursors of the vitrinite maceral. Huminite, which is the lower rank 
equivalent of vitrinite, is formed when certain pressure-temperature conditions disturb 
the vitrinite/huminite network.  
The term vitrinite reflectance (Ro) was initially applied to explain coalification 
stages of diagenesis, metagenesis, catagenesis and methamorphism. Vitrinite 
reflectance changes with thermal maturation. The maturation of the vitrinite is 
accompanied by an increase in the reflectance of vitrinites. The maturity of the vitrinite 
macerals are influenced by the different stages of decarboxylation, dehydroxylation, 
demethylation, aromatization, and polycondensation of aromatic organic accumulations 
(Mukhopadhyay, 1994).  
Vitrinite maceral is abundant in carbonaceous rocks, such as, shales, marls, and 
claystones, reflecting terrestrial origin. On the other hand, carbonates, salts, and clean 
sandstones lack the vitrinite maceral. Vitrinite is commonly found in rocks deposited 
after the Silurian period, the geological time span when land plants evolved. Vitrinites 
from pre-Devonian rocks can be obtained from remnants of algal cells, e.g. vitrinites 
from Saskatchewan and Alberta region, Canada.  
Ro is used as a highly effective maturity parameter on sedimentary source rocks. 
The vitrinite maceral records the maximum paleotemperature and the time spent in the 
temperature range. Thus, Ro is categorized as a paleogeothermometer.  
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Ro is used for understanding the liquid and hydrocarbon relationships, coke 
stability analysis for coals, explanation of geological events (structural, stratigraphic, 
igneous), and understanding the temperature profiles in evolution of any sedimentary 
basin (Mukhopadhyay, 1994). 
The maturation of vitrinite macerals corresponds to a temperature range of 60-
120 oC. This temperature range corresponds to the oil window. Oil generation coincides 
with 0.5-0.6% Ro and ends in the range of 0.85-1.1% Ro. The gas window is in the 
range of 1.5 - 3.0% Ro. Above 3.0% Ro, rocks become overcooked. Studies have shown 
successful correlations between the vitrinite reflectance and coal rank, and maturity of 
hydrocarbon bearing source beds.  
Ro is preferred over most maturity temperatures, due to its ability to accurately 
measure the maximum paleotemperatures that occurred in hydrocarbon rich source 
rocks. Using Ro is also an inexpensive and quick responding technique.  
The disadvantages include subjectivity in describing vitrinite from other maceral 
types, the absence of the maceral or presence in trace amounts (hydrogen content 
causes suppression) in marine sediments, and cases where solid bitumen acts like 
vitrinite.  
There exists a direct relationship between the maximum temperature that peak 
generation of hydrocarbons take place (Tmax) and Ro. However, the relationship is 
kerogen type dependent since the vitrinite maceral is mainly found in land derived 
organic matter. A good correlation can be obtained between Ro and Tmax, as long as the 
kerogen is Type-II, Type-II/III, or Type-III. Correlation is not appropriate in source beds 
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where organic matter contains Type-I kerogen (e.g. the Green River Formation of the 
Eocene age) solely (Mukhopadhyay, 1994). 
Vitrinite reflectance analysis was performed on the B chalky marl interval to 
understand the kerogen composition, the origin of the organic matter, and its maturity. 
As a result, three samples corresponding to depths of 11805.9, 11815.3 and 11828 ft. 
were investigated. The analysis made it possible to understand the maturity profile in a 
vertical sense and to see the influence of depth on the maturity. Using the better 
preserved vitrinites and excluding the degraded and oxidized samples, visual kerogen 
analysis revealed that liptinite macerals comprise the majority of the composition.  
The interval reflect vitrinite reflectance values of 0.72-0.74% (TAI of 2.6-2.8) in an 
increasing depth trend (Figure 6.7). The values indicate that the Niobrara Formation, at 
this depth, is mature enough to produce oil with associated gas. The associated gas is a 
product of the presence of the Type II/III kerogen supported by the SRA.  
The possible contribution from the Type-III kerogen can also be observed from 
the lithological architecture of the Niobrara Formation. The Formation contains much 
more clay and detrital quartz when compared to its equivalent units in the basins 
located south. The mechanisms (storms, hypopycnal and hyperpycnal flows) 
transported these terrestrial sediments contributed to the transportation of the Type-III 
kerogen into open-marine settings. Therefore, the Niobrara Formation on the western 




Figure 6.7 Vitrinite reflectance analysis of the B chalky marl interval from Buffalo 14 1FH 
well. 
 
6.3 Burial History Model  
A burial history model was generated for the Trabing Field by using the Basin 
Mod software. The model depicted the timing of important elements in the Niobrara total 
petroleum system. The time interval and critical moment for the petroleum generation 
are displayed on the burial history model and petroleum systems chart (Magoon and 
Dow, 1994). The model showed the timing of thermal maturation of the organic matter, 
and the generation and migration of the hydrocarbons in the western PRB. The thermal 
maturity of the organic matter is influenced by the structural deformation. Subsidence 
and increasing overburden pressure results in more maturation. On the other hand, 
uplift events cause a decrease in the maturity of the organic matter unless the formation 
had been buried deep enough. 
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Data used for creating the model includes, the age of deposition and lithology of 
the formations, the thickness of the formations, the age and the duration of the non-
deposition/erosion events, and lithology and thickness of the intervals affected by non-
deposition/erosion (Roberts et al., 2005). Formation tops, lithologies and thicknesses 
were obtained from drilling reports provided from the Buffalo 14 1 FH well.  
The burial history model displayed the timing of the evolution of the petroleum 
systems elements, it also displayed significant structural events which affected the 
basin. The events included the K/Pg extinction event which resulted in non-deposition 
and the Neogene tectonism which caused erosion of the Cenozoic deposits.  
To display the thermal history along with the burial history model, measured Ro 
and Tmax values were used. These values were obtained from the Buffalo 14 1FH well. 
The Niobrara Formation starts generating hydrocarbons at around 0.5% Ro. Based on 
the literature, the Niobrara Formation did not enter the oil window on the eastern margin 
(Anna, 2009). However, based on the model generated for this study, the Niobrara 
Formation on the western margin entered the oil window at a depth of 6,600 ft. Thus, 
the hydrocarbon accumulations on the eastern margin were interpreted to have sourced 
and migrated from the western margin. 
The Niobrara Formation in the Trabing Field entered the early oil window (%Ro: 
0.5-0.7) at about 68 Ma. The Niobrara Formation progressed into the middle oil window 
(%Ro: 0.7-1) around 50 Ma. The model supported the lab measured data (%Ro: 0.72-
0.74; Tmax: 444-445 oC) by including the Niobrara Formation in the middle oil window at 




Figure 6.8 Burial/thermal history model for the Niobrara Formation in the Trabing Field. 
 
A petroleum systems chart (Figure 6.9) was generated to display the petroleum 
system elements. These included the source, reservoir, seal, and overburden 
lithologies, as well as the timing of trap formation, generation-migration-accumulation of 
the hydrocarbons, preservation, and critical moment. The critical moment in the 
Niobrara Petroleum System is chosen at 48 Ma, which corresponds to a time interval 
when all the petroleum system elements were in place.  
 





PETROPHYSICAL MODELS AND RESERVOIR CHARACTERIZATION 
7.1 Overview 
This chapter of the study focuses on petrophysical models to provide more detail 
into the Niobrara Formation’s reservoir and source quality. The models include water 
saturation, TOC, and brittleness. The models were interpreted in combination with 
results from the SRP. Reservoir characterization frameworks for each cored interval 
were prepared using reservoir parameters. The petrophysical analysis of the Niobrara 
Formation was carried out using Gamma-ray (GR), resistivity (RT, RXO, etc.), porosity 
(density, neutron and sonic), bulk density (RHOB), compressional (DTC) and shear 
sonic (DTS) velocity logs. A spectral gamma-ray log derived from the XRF was also 
used in the petrophysical characterization of the B and C chalky marl intervals.  
Gamma-ray logs were used to understand the lithology, TOC trends, and 
cyclicity. The marly units reflect higher gamma-ray values, whereas an increase in the 
chalk content results in a lower gamma-ray response. The resistivity logs investigate the 
presence of hydrocarbons and water bearing zones. The logs were mainly used in the 
water saturation models. The intervals with higher clay content (marly intervals) reflect 
attenuated resistivity values on both shallow and deep investigations. The decreased 
resistivity values are also attributed to the presence of clay minerals bounding water. 
Except for the hydrocarbon bearing zones, the resistivity readings are very low 
throughout the intervals.   
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Density, neutron and sonic porosity readings were obtained from open-hole well-
logs. Density porosity was calculated using two different density values, including the 
log based bulk density (Rhob or ρb) and matrix density (ρma) from SRP. Density logs 
are found useful in delineating zones with evaporitic minerals, gas-saturated nature, 
hydrocarbon density measurements, and lithology. Neutron logs (ϕN, PHIN, NPHI, 
NPOR, HNPO, TNPH, etc.) measure the hydrogen concentration in the liquid filled pore 
spaces. The detection of the neutrons depends on the detector type, the stage of the 
energy measured from either the gamma-rays or neutrons, and the alignment of 
detectors and sources including the equipment properties and the mode of operation. 
Neutron logs are also influenced by changing lithologies and are useful for displaying 
the hydrocarbon bearing zones and shaly intervals (Asquith, 2004).  
Sonic logs measure the porosity based on the interval transit time (Dt, DT, etc.) 
of a compressional sound wave travelling through the formation. The interval transit 
time is measured in microseconds per foot (μsec/ft) or microseconds per meter 
(μsec/m). The interval transit time is influenced by the lithology, porosity, and presence 
of organic matter. Sonic responses are elevated with the presence of organic matter, 
whereas the presence of carbonates results in lesser sonic velocity values. In 
hydrocarbon bearing zones, the interval transit time (Dt) increases and a correction is 
applied by multiplying the sonic derived porosity by 0.9 for oil bearing zones and by 0.7 
for gas bearing zones (ϕ = ϕs *0.9 (oil) and ϕ = ϕs * 0.7 (gas)). Sonic logs are important 
for understanding the geomechanical profile. Neutron and density porosities cross-over 
due to either gas-presence or lithological variations, however the presence of high  clay-
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bound water in intervals obscures the neutron porosity readings, thus resulting in a 
separation rather than a cross-over (Asquith et al., 2004) 
Spectral gamma-ray obtained via (XRF) is found useful for clay-typing by cross-
plotting Th vs. K. In addition, the spectral gamma ray is useful for understanding the 
presence of organic-rich intervals. Uranium is a proxy for the organic matter, while 
thorium indicates the presence of heavy clay minerals and bentonites/volcanic ashes. 
Potassium is an indicator of the presence of feldspars. The B and C chalky marl 
intervals display high uranium values, and uranium is found to be the driving factor in 
the gamma-ray. This indicates that the intervals are organically rich. The organically rich 
nature of the intervals is also supported by the SRA. 
7.2 Water Saturation 
Water saturation characterization is a routine method applied for understanding 
the fluid phase profile of the oil and/or water wet intervals. Various techniques have 
been used over the years to understand the water saturation profiles in mudrocks in a 
more efficient and scientifically true way.  
Conventionally, water saturation of an uninvaded zone is calculated by the Archie 
(1942) equation, where,  𝑆𝑤: Water saturation of the uninvaded zone, 𝑅𝑤: Resistivity of 
the formation at corrected for formation temperature,  𝑅𝑡: True formation resistivity, 𝜑: 
Porosity, 𝑚: Cementation exponent, 𝑛: Saturation exponent, 𝑎: Tortuosity factor. 
𝑆𝑤 = ( 𝑎∗𝑅𝑤𝑅𝑡∗𝜑𝑚)1𝑛 Eqn. (7.1) 
 
Archie’s equation has been used in conventional reservoirs dominantly. 
Applications to unconventional reservoirs have resulted in controversial results. For the 
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investigation of the Niobrara interval, an 𝑅𝑤 of 0.03, density porosity values calculated 
from a combined analysis of spectrolith matrix density log and bulk density curves, a 
cementation factor (m) calculated by both Focke & Munn I and Shell equations, a 
saturation component (n) of 2, and a tortuosity factor of 1 were used.  
 
Focke & Munn I equation: M_EXP = 1.20 + (12.76*PHIE) Eqn. (7.2) 
 
Shell Method: M_EXP (SHELL) = 1.87 + (1.9*PHIE) Eqn. (7.3) 
 
Focke & Munn I method was found more applicable due to the cementation 
factor (m) values which are in the range of 1.8-2.0. The values make sense when the 
heterogeneous mineralogy of the Niobrara Formation is considered. 
Additional methods applied include the dual water saturation model, Simandoux 
(1963), and Indonesian methods. These methods incorporate the shale volume to 
account for the influence of shaly/clayey nature of the unconventional reservoir intervals 
(Asquith, 2004). The equations are as follows, 
Dual water saturation model: 𝑆𝑤 = √(𝑉𝑠ℎ𝑅𝑠ℎ)2+ 𝜑20.2∗𝑅𝑤∗𝑅𝑡∗(1−𝑉𝑠ℎ)−𝑉𝑠ℎ𝑅𝑠ℎ𝜑20.4∗𝑅𝑤∗(1−𝑉𝑠ℎ)  Eqn. (7.4) 
Simandoux: 𝑆𝑤 = (0.4∗𝑅𝑤𝜑2 ) ∗ [√(𝑉𝑠ℎ𝑅𝑠ℎ)2 + 5∗𝜑2𝑅𝑤∗𝑅𝑡 − 𝑉𝑠ℎ𝑅𝑠ℎ] Eqn. (7.5) 
Indonesian Equation: 𝑆𝑤 = [ 1𝑅𝑡0.5𝑉𝑠ℎ1−𝑉𝑠ℎ2𝑅𝑠ℎ0.5 + 𝜑𝑚2(𝑎∗𝑅𝑤)0.5 ]
2𝑛  Eqn. (7.6) 
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As a result, dual water and Simandoux methods resulted in an underestimation 
of the water saturation in the intervals and were not found applicable. The Indonesian 
equation was successful at estimating a similar trend with lab measured data. The 
method still underestimated the water saturation values. Both Archie’s and Indonesian 
models were found applicable, since the two models were successful in capturing the 
heterogeneous nature of the Niobrara, as well as, providing a positive correlation with 
lab measurements. Both models reflected water saturation values less than 50% in the 
reservoir intervals, thus the pay quality can be considered good (Figure 7.1). 
Parameters used for the calculations, 
 Resistivity of water (Rw) = 0.030-0.035 (based on the SP measurements 
0.030 found more applicable and used) 
 Resistivity of shale (𝑅𝑠ℎ) = 5-8 ohm.m based on clean shale readings in 
the Steele Shale above the Niobrara Formation 
 Tortuosity factor (𝑎) = 0.6-1.0 interval (1.0 found more applicable and 
used) 
 Cementation exponent (𝑚) = Calculated using Focke & Munn I and Shell 
methods 
 Saturation exponent (𝑛) = 2 
 𝑉𝑠ℎ  = Calculated using the minimum-maximum gamma-ray responses 
 𝑅𝑡= From the deep-resistivity log 






Figure 7.1 Water saturation model for the total Niobrara interval (SW_CORE_SRP: Water saturation from SRP, SW_AR: 




7.3 TOC Modelling 
7.3.1 Overview 
Several approaches (Schmoker, 1979; Schmoker, 1980; Schmoker et al., 1983; 
Passey et al., 1990) have been used by the industry to estimate the TOC content and 
trends in both conventional and unconventional reservoirs using open-hole logs 
incorporating density, sonic and resistivity. Increasing trends in the total organic carbon 
content can be observed visually via increasing neutron porosity, decreasing bulk 
density, increased sonic travel time, elevated gamma-ray values, and most importantly, 
an increase in uranium content. Two of the most applied techniques include the density 
driven Schmoker method and sonic-resistivity driven ΔlogR Passey method. The 
Schmoker method was found inapplicable for understanding the organically lean nature 
of the Niobrara Formation by ElGhonimy (2016) and was not used in this study. The 
applicability and scientific validation of such methods are yet to be proven in 
unconventional reservoirs and require further improvement of the techniques by 
conducting empirical analyses. The uranium concentrations have been found useful for 
the TOC estimation in mudrocks (Meyer et al., 1984; Schmoker, 1981; Nederlof, 1984). 
For the Niobrara Formation B and C chalky marl intervals, the Passey method and 
uranium enrichments were applied to understand the TOC trends. The quantitative 
estimation of the TOC values was compared to the SRA results to check their validity.   
7.3.2 Passey Δlog R Method  
This method is based on using porosity and resistivity logs to empirically 
calculate the TOC concentration (Passey et al, 1990). Separation between the 
sonic/density porosity logs with resistivity curves on a scaled basis is an indication of 
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the presence of the organic matter. The derivation of the TOC content is possible by 
first applying a level of organic maturity (LOM) to the method. Conventionally, sonic 
porosity logs are used with deep resistivity curves, however, with the absence of a sonic 
log, density porosity was used. By the literature, it has been observed that in organic-
poor rocks, porosity and resistivity curves overlap, whereas in organically rich rocks, the 
curves show separation (Passey et al, 1990). The separation is termed Δlog R, and is 
calculated by the following formula, 
 𝛥 log 𝑅 = 𝑙𝑜𝑔10 ( 𝑅𝑅𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) − 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 ∗ ( 𝜌𝑏 − 𝜌𝑏𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) Eqn. (7.7) 
 
where, R: Deep resisitivity in ohm.m, 𝑅𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 : Resistivity of organic poor zone in 
ohm.m (10 ohm.m in the B chalky marl interval and 8 ohm.m in the C chalky marl 
interval), 𝜌𝑏: Bulk density from log in g/cc, 𝜌𝑏𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 : Bulk density of the organic poor 
zone in g/cc (2.55 g/cc for both intervals). 
 𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛𝑠/(𝜌𝑏𝑈𝑝𝑝𝑒𝑟 − 𝜌𝑏𝐿𝑜𝑤𝑒𝑟) Eqn. (7.8) 
 
where, 𝜌𝑏𝑈𝑝𝑝𝑒𝑟: Density value of the uppermost limit of the baselined interval, 𝜌𝑏𝐿𝑜𝑤𝑒𝑟: Density value of the lowest adjusted point. 
The level of organic maturity (LOM), which relates to the maturity of the organic 
matter, was determined by using the vitrinite reflectance, Tmax and/or Rock Eval/SRA 
data (Hood et al., 1975). The LOM is then applied to the equation along with the 
calculated separation (ΔlogR) to quantify the TOC as follows, 
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𝑇𝑂𝐶 = (ΔlogR) ∗ 10 ∗ (2.297 − 0.1688LOM) Eqn. (7.9) 
 
The Passey Method was applied to the cored intervals and compared to the 
organic carbon measurements from the SRA. The LOM (Figure 7.2) is chosen as 9, due 
to the fact that vitrinite reflectance values range between 0.72-0.74% in the B chalky 
marl interval and Tmax values range between 445-449 oC in the C chalky marl interval. 
The Passey Method was successful for predicting the organic richness of the B and C 
chalky marl intervals.  
 
Figure 7.2 Scales of organic metamorphism and determination of level of organic 




7.3.3 Uranium Enrichment and Organic Carbon Content 
Gamma-ray logs have become much more important in understanding the 
source rock potential of mudrocks. Meyer et al. (1984) studied the gamma-ray logs to 
understand the correlation between the TOC content and the radioactivity in the rocks. 
Schmoker (1981) pointed out to the fact that organic-rich shales would exhibit higher 
gamma-ray responses than organically barren shales and carbonate rocks. Meyer and 
Nederlof (1984) realized that the uranium enrichment correlated to the organic richness 
in the North Sea shales. They proposed the idea that planktonic organisms absorb the 
uranium and then get buried under anoxic/euxinic conditions. The conditions that 
promoted the uranium preservation also promoted the organic carbon preservation. 
Thus, the uranium content in the intervals are directly related to the organic richness. In 
this study, uranium enrichment took place under anoxic/euxinic conditions in open 
marine settings based on the XRF analysis. TOC values in both intervals showed near 
perfect correlation with the uranium trends. The organic carbon content in both intervals 
were clearly preserved under oxygen reducing conditions, which also promoted uranium 
enrichment. 
To quantify the organic-rich nature of the cored intervals using uranium 
concentration, first, XRF analysis was performed to obtain an understanding of the 
uranium content, then, an equation derived by El Ghonimy (2016) was used. The 
equation is as follows, 
 
URANIUM BASED TOC= (0.2*URANIUM) + 0.5 Eqn. (7.10) 
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As a result, the organic-rich character of the cored intervals are observed to 
change parallel to the changes in the uranium content. Although, the Passey Method 
was successful at predicting the TOC values, the uranium method displayed a near 
perfect correlation in the B chalky marl interval (Figure 7.3) and a very good estimate in 
the C chalky marl interval (Figure 7.4). Thus, if uranium is proven to be a useful proxy 
for gamma-ray, the method can be used to quantify the organic matter content in the 
Niobrara Formation. All the models are displayed with the core scale facies to show the 
overall trend in the Niobrara interval (Figure 7.5) 
 
 
Figure 7.3 TOC Estimation from uranium concentration (XRF) in Buffalo 14 1FH well 




Figure 7.4 TOC estimation from uranium concentration (XRF) in Ponderosa Deep Unit 




Figure 7.5 Organic carbon model for the total Niobrara interval illustrating Passey and uranium methods applied. 
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7.4 Reservoir Geomechanics 
Understanding the geomechanical character of the rock units requires the use of 
practical knowledge in not only the earth sciences but also in the materials science. 
Reservoir geomechanics investigates the mechanical behavior of rocks under 
subsurface conditions which has direct implications on reservoir quality.  
To study the geomechanical aspects, a well-outlined mineral model from core, 
thin section, and SEM observations combined with well-log interpretations and 
measured lab data are required. Different facies would reflect different geomechanical 
characteristics, thus an understanding of the stratigraphic and structural background is 
also essential. In this study, the geomechanical architecture of the Niobrara Formation 
was studied using the mineral composition and elastic moduli parameters. 
An understanding of the elastic behavior of the rocks formed the basis of the 
geomechanical characterization. The Poisson’s ratio and Young’s modulus are the 
parameters of interest. Poisson's ratio is defined as the ratio of the transverse 
compressional strain to longitudinal tensile extensional strain in the major stress 
direction. Poisson's ratio relates to the elastic moduli (K), shear modulus (G), and 
Young's modulus (E). Poisson's ratio is calculated in laboratory or in-situ field 
conditions. On the core scale, Poisson's ratio can be estimated from lithologic 
interpretations. In the case of the Niobrara Formation, intervals with relatively higher 
clay content and lesser detrital quartz/authigenic carbonate displayed higher Poisson’s 
ratio.  
Young’s modulus is the ratio of uniaxial stress to the overall uniaxial strain. 
Young’s modulus is highly influenced by the composition of the rock. Detrital quartz, 
137 
 
carbonate minerals and detrital clay fractions are expected to show different responses 
to the applied stresses. Stiffer materials (detrital quartz, authigenic carbonate, pyrite, 
dolomite, etc.) are expected to show higher Young’s modulus when compared to more 
ductile units (clay-rich and organic-rich units) (Fjaer et al., 2008). 
Combined interpretation of Poisson’s ratio and Young’s modulus was used to 
calculate the brittleness. Brittleness is also defined as the measurement of the stored 
energy before the failure of the rock which is influenced by the rock integrity, lithological 
variations, textural differences, effective stress, subsurface temperature, subsurface 
fluid type in the pore spaces, diagenetic features, and organic richness. The ratio of 
Young’s modulus to Poisson’s ratio is defined as the brittleness index. The higher the 
ratio, the higher the rock’s capability to fracture (Perez & Marfurt, 2014). The 
parameters are calculated from well-logs as follows; 
𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑅𝑎𝑡𝑖𝑜 (𝑣) = 12(𝐷𝑇𝑆𝐷𝑇𝐶)2−1(𝐷𝑇𝑆𝐷𝑇𝐶)2−1  Eqn. (7.11) 
where, DTS: Shear velocity in ft/µsec; DTC: Compressional slowness velocity in 
ft/µsec. 
 
𝑌𝑜𝑢𝑛𝑔′𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 (𝐸) = 1000 ∗ 𝜌 ∗ (( 1𝐷𝑇𝑆)2∗(3∗( 1𝐷𝑇𝐶)2−4∗( 1𝐷𝑇𝑆)2)( 1𝐷𝑇𝐶)2− 1𝐷𝑇𝑆 )  Eqn. (7.12) 
 
where,  DTS: Shear velocity in ft/µsec; DTC: Compressional slowness velocity in 




𝐵𝑟𝑖𝑡𝑡𝑙𝑒𝑛𝑒𝑠𝑠 𝐼𝑛𝑑𝑒𝑥 (𝐵𝐼) = 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑅𝑎𝑡𝑖𝑜   Eqn. (7.13) 
 
Brittleness analysis in the study area was conducted via shear and 
compressional velocity logs. Poisson’s ratio and Young’s modulus was calculated using 
the Petra software. 
Brittleness was also calculated using the mineralogy from XRD. The Ponderosa 
Deep Unit 44-17 well includes spectrolith logs (ECS) which made it possible to calculate 
the mineralogy based brittleness from logs. In the models, the TOC estimation from the 
Passey Method was used. The calculations focused on the B and C chalky marl 
intervals and used the mineral composition to calculate the brittleness index. Care must 
be taken when the depositional fabric (laminated nature vs. massive nature) is 
considered since the quality of the preservation of the laminae directly influences the 
brittleness trends. Brittleness based on XRD data had already been calculated by 
Weatherford Labs and the brittleness index based on XRD data had been calculated as 
follows; 
 𝐵𝐼 (𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝑓𝑜𝑟𝑑) = 1.3∗(𝑄𝑧+𝐾𝑠𝑝𝑎𝑟+𝑃𝑙𝑎𝑔)+1.2∗(𝐶𝑎𝑟𝑏𝑠)(1.3∗(𝑄𝑧+𝐾𝑠𝑝𝑎𝑟+𝑃𝑙𝑎𝑔)+2∗(𝑀𝑖𝑥𝑒𝑑𝐼 𝑆⁄ )+1.5∗((𝐼+𝐶ℎ+𝐾𝑎𝑜𝑙)+𝑜𝑡ℎ𝑒𝑟𝑠)   Eqn. (7.14) 
 
where, Qz: Quartz; Kspar: Potassium feldspar; Plag: Plagioclase feldspar; Carbs: 
Carbonates; Ch: Chlorite; I: Illite; S: Smectite; Kaol: Kaolinite. 
Jarvie et al. (2007) and Wang and Gale (2009) have shown that the brittleness 
can be calculated by using mineralogy data. Jarvie et al. (2009) used the concentrations 
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of quartz, calcite, and clay to determine the brittleness index. On the other hand, Wang 
and Gale (2009) incorporated dolomite and total organic carbon (TOC) content. The 
addition of TOC into the equation resulted in a more realistic approach in mudrocks, 
since the organic content has a direct influence on the ductile nature of the rock units. 
ECS logs obtained from the Ponderosa Deep Unit 44-17 well was used in the 
calculations. The equations are as follows; 
 𝐵𝐼_𝐽𝑎𝑟𝑣𝑖𝑒 = 𝑄𝑧𝑄𝑧+𝐶𝑎+𝐶𝑙𝑦 Eqn. (7.15) 
where, Qz: Quartz; Ca: Calcite; Cly: Clay. 
 𝐵𝐼_𝑊𝑎𝑛𝑔 = 𝑄𝑧+𝐷𝑜𝑙𝑄𝑧+𝐶𝑎+𝐷𝑜𝑙+𝐶𝑙𝑦+𝑇𝑂𝐶 Eqn. (7.16) 
 
where, Qz: Quartz; Dol: Dolomite; Ca: Calcite; Cly: Clay; TOC: Total organic 
carbon. 
To increase the detail in the equations, an approach incorporating the TOC 
content and mineralogy (quartz, calcite, dolomite, feldspars, pyrite, and clay) was 
adopted from Xu et al. (2016) and the equation is as follows; 
 𝐵𝐼_𝑋𝑢 = 𝑄𝑧+𝐶𝑎+𝐷𝑜𝑙+𝐹𝑒𝑙+𝑃𝑦𝑄𝑧+𝐶𝑎+𝐷𝑜𝑙+𝐹𝑒𝑙+𝑃𝑦+𝐶𝑙𝑦+𝑇𝑂𝐶  Eqn. (7.17) 
 
where, Qz: Weight fractional quartz content; Ca: Weight fractional calcite content; 
Dol: Weight fractional dolomite content; Fel: Weight fractional feldspar content; Py: 
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Weight fractional pyrite content; Cly: Weight fractional clay content; TOC: Weight 
fractional TOC content.  
Overall, the geomechanical models displayed similar trends and followed 
changes in the lithology and organic carbon content. The models supported the 
observations gathered from the visual core analysis and lab measured data. The 
chalkier intervals reflected higher brittleness values, whereas increased clay content 
resulted in a decrease in the brittleness of the B and C chalky marl intervals. The 
mineralogy-based brittleness models from Wang and Gale (2009) and Xu (2016) 
displayed increased brittleness index consistent with increased chalk content. On the 
other hand, the Jarvie et al. (2007) approach failed to incorporate the influence of the 
ductile nature of the organic carbon. Nevertheless, all models displayed similar trends 
and are found applicable. The mineralogy-based brittleness models which incorporated 
the TOC content showed more composition sensitive variations and are found to be 
more accurate and better represented the heterogeneous nature of the Niobrara 
mudrocks. 
The B chalky marl interval displayed (Figure 7.6) a more homogeneous 
brittleness profile, whereas the C chalky marl interval reflected (Figure 7.7) much more 
variations due to its more variable carbonate distribution. Models based on the ECS 
logs provided a better detailed view on the influence of the mineralogy on the 
geomechanics. Quantitative comparison of the intervals was made possible using a 
cross-plot between Poisson’s ratio and Young’s modulus (Figure 7.8). The graph 
displayed higher brittleness values for the B chalky marl interval, whereas, the C chalky 
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marl interval reflected slightly decreased brittleness index. The models covering the 
total Niobrara interval are displayed on Figure 7.9.  
 
 
Figure 7.6 Comparison of elastic moduli based brittleness vs. XRD based brittleness 
from Buffalo 14 1FH. The brittleness index values based on Weatherford calculations 
are represented by the blue squares. Yellow squares represent brittleness index values 




Figure 7.7 Comparison of log-based brittleness and XRD based brittleness calculations 
from Ponderosa Deep Unit 44-17. The brittleness index values based on Weatherford 
calculations are represented by the blue squares. Yellow squares represent brittleness 


















































Figure 7.9 Geomechanical model for the total Niobrara Interval including log-based (elastic moduli) and mineralogy based 
brittleness profiles (BI_JARVIE: Brittleness index based on Jarvie equation; BI_WANG: Brittleness index based on Wang 
and Gale equation; BI_XU: Brittleness index based on Xu equation; Brittleness_WDRF: Brittleness index based on XRD 
data performed by Weatherford Labs; Brittleness_w/TOC: Brittleness index based on XRD data including TOC; 
Brittleness_Elastic Moduli: Brittleness index obtained from Young’s Modulus and Poisson’s Ratio derived from sonic logs).
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7.5 Reservoir Characterization Framework 
Open-hole well logs, SRP and SRA measurements, TOC, water saturation and 
brittleness models, and XRF readings were interpreted together to better delineate 
intervals with enhanced reservoir potential. SRP analysis performed by Weatherford 
Labs provided the porosity, permeability, saturation, bulk and grain density 
measurements, which are fundamental parameters in any reservoir characterization 
whether it is conventional or unconventional. The analysis was applied on crushed rock 
samples and provided essential petrophysical data.  
SRP analysis was applied to eight different samples from the B chalky marl 
interval (Figure 7.10) and 12 samples from the C chalky marl interval (Figure 7.11). The 
analysis yielded bulk and grain densities from both as-received and dry samples, as-
received water, oil and gas saturations in percentages of pore volume along with as-
received gas saturation of bulk volume, as-received press decay permeability, and dry 
helium porosity values.  
 
Figure 7.10 SRP (Shale rock properties) results of the B chalky marl interval. The 
analysis was performed by Weatherford Labs. 
A-R A-R A-R A-R A-R A-R A-R Dry Dry Dry
Top Bottom Bulk Grain Water Oil Gas Gas Press Decay Bulk Grain Helium
Sample Depth, Depth, Density, Density, Saturation, Saturation, Saturation, Saturation, Permeability, Density, Density, Porosity,
ID feet feet gm/cc gm/cc % of PV % of PV % of PV % of BV md gm/cc gm/cc % of BV
1-1 SRP 11805.75 11806.00 2.56 2.57 47.1 44.2 8.7 0.5 2.44E-05 2.52 2.66 5.3
1-6 SRP 11810.00 11810.25 2.55 2.56 48.5 43.5 8.0 0.4 9.16E-06 2.50 2.64 5.1
1-11 SRP 11815.20 11815.45 2.57 2.58 52.4 37.9 9.7 0.5 2.73E-06 2.53 2.65 4.8
1-17 SRP 11821.35 11821.60 2.56 2.58 39.7 47.1 13.2 0.8 2.75E-05 2.52 2.67 6.0
1-24 SRP 11827.85 11828.10 2.55 2.57 48.0 39.8 12.2 0.7 2.45E-05 2.50 2.65 5.7
1-32 SRP 11836.45 11836.70 2.54 2.56 36.0 51.3 12.7 0.8 9.01E-06 2.49 2.65 6.1
1-44 SRP 11848.35 11848.60 2.57 2.58 40.8 45.0 14.2 0.7 8.47E-06 2.52 2.66 5.1
1-56 SRP 11860.40 11860.65 2.56 2.58 37.1 46.4 16.5 0.9 1.96E-05 2.52 2.66 5.3




Figure 7.11 SRP (Shale rock properties) results of the C chalky marl interval. The 
analysis was performed by Weatherford Labs. 
 
The unconventional nature of the intervals is supported by the low permeability 
values in the range of 2.73E-06 to 2.75E-05 mD in the B chalky marl. Permeability values 
in the C chalky marl display a range of 1.42E-06 to 1.65E-05. Dry helium porosity values 
in the B chalky marl interval are in the range of 4.8 – 6.1% of bulk volume, and 5.8 – 
8.8% of bulk volume in the C chalky marl. Higher porosity values in the C chalky marl 
are found within intervals with elevated carbonate content. Nevertheless, the low 
porosity values supported the theory that the volume of pore spaces in the Niobrara 
Formation were highly influenced by the mechanical and chemical diagenesis with 
increased burial depths.  
The pore system is comprised of interparticle and intraparticle pores. The pyrite 
content also displayed porosity under SEM scale. The pores are mostly isolated due to 
clays coating the grains. The pore character corresponded to nanometer scale and 
supported the literature (Figure 7.12). Visual investigation of the pore systems was 
carried out in more detail by SEM photomicrograph analysis.  
A-R A-R A-R A-R A-R A-R Dry Dry Dry
Top Bottom Bulk Water Oil Gas Gas Press Decay Bulk Grain Helium
Sample Depth, Depth, Density, Saturation, Saturation, Saturation, Saturation, Permeability, Density, Density, Porosity,
ID feet feet gm/cc % of PV % of PV % of PV % of BV md gm/cc gm/cc % of BV
1-6 SRP 11889.40 11889.70 2.52 49.4 36.3 14.3 1.0 4.45E-06 2.47 2.65 6.8
1-10 SRP 11893.70 11894.00 2.48 40.1 43.4 16.5 1.2 6.57E-06 2.42 2.62 7.6
1-14 SRP 11897.05 11897.40 2.52 57.7 32.3 10.0 0.6 1.42E-06 2.46 2.63 6.5
1-17 SRP 11900.00 11900.35 2.48 26.9 59.8 13.3 1.0 5.72E-06 2.42 2.62 7.8
1-20 SRP 11903.75 11904.10 2.46 30.2 55.2 14.6 1.1 5.33E-06 2.40 2.60 7.7
1-26 SRP 11909.60 11909.95 2.47 27.3 56.5 16.2 1.2 1.38E-05 2.42 2.61 7.4
1-30 SRP 11913.00 11913.35 2.55 60.8 33.0 6.2 0.4 2.28E-06 2.50 2.65 5.8
1-35 SRP 11918.00 11918.35 2.48 31.4 52.7 15.9 1.1 1.65E-05 2.43 2.62 7.1
1-42 SRP 11925.45 11925.80 2.45 37.9 50.8 11.3 0.7 3.32E-06 2.40 2.57 6.6
1-47 SRP 11930.75 11931.10 2.46 29.7 59.5 10.8 0.9 7.77E-06 2.40 2.61 8.1
1-53 SRP 11936.30 11936.65 2.52 35.4 56.1 8.5 0.7 4.06E-06 2.45 2.68 8.8
1-58 SRP 11941.75 11942.10 2.52 37.5 48.5 14.0 1.2 1.48E-05 2.45 2.67 8.2




Figure 7.12 Permeability vs. porosity chart for the B and C chalky marl intervals 
depicting the pore type. 
 
The water saturation is in the range of 36 – 52.4% of pore volume in the B chalky 
marl interval. The C chalky marl interval displays 26.9 – 60.8% water saturation.  In the 
B chalky marl, oil saturation values range from 37.9 to 51.3% of pore volume with gas 
saturations in the range of 8.0-16.5% of pore volume (0.4-0.9% of bulk volume). The C 
chalky marl interval displays 32.3 – 59.8% oil saturation and 6.2 – 16.5% gas saturation 






































water saturation of 43.7% and 44.4% oil saturation, whereas the C chalky marl interval 
has an average of 38.7% water saturation and 48.7% oil saturation. In both intervals, oil 
saturation values are higher on average than the average water saturation values. Both 
intervals define good pay zones based on high oil and low water saturation values. The 
variations in the saturation values are attributed to the highly heterogeneous nature of 
the Niobrara Formation.  
Both intervals displayed enhanced reservoir potentials where an increase in the 
resistivity, porosity-permeability, brittleness, TOC, S1, (S1/TOC)*100, and Ca content 
was observed. These intervals also reflected lesser water-saturation and clay content. 
When compared, the B and C chalky marl intervals reflected differences. The difference 
was mainly due to the bottom C chalky marl interval having followed different 
depositional mechanisms. The C chalky marl interval also reflected increased 
brittleness values, mainly a result of increased bioturbation. The C chalky marl interval 
displayed higher porosity values than the B chalky marl interval. The elevated porosity 
readings are interpreted to be a result of the higher calcite content of the C chalky marl 
interval.  
Overall, both intervals displayed adequate reservoir potential with water 
saturation values less than 50%, TOC in the range of 2.04-4.78 wt.%, porosity values of 
4.8-8.8%, and permeability in between 1.42E-06 to 2.75E-05 mD. The results and 
intervals with enhanced reservoir potential (indicated by boxed areas) are displayed in 





Figure 7.13 Final framework to delineate reservoir and source zones in the cored B chalky marl interval (Boxed intervals 




Figure 7.14 Final framework to delineate reservoir and source zones in the cored C chalky marl interval (Boxed intervals 





1) Core scale facies were defined based on different levels of bioturbation, 
which also provided indications on oxic/anoxic nature of the formation. The 
cored Niobrara intervals reflected similar compositional architecture, mineral 
content and porosity-permability trends. 
2) Thin section scale facies provided better detail in terms of delineating mineral 
composition and diagenetic features. The formation in the Trabing Field is 
composed of silt-sized quartz grains, clay minerals (illite, illite/smectite, 
kaolinite, and minor chlorite), calcite, K-spar, plagioclase, pyrite and organic 
matter. The organic lean nature of the formation was proven by the presence 
of organic rich layers. 
3) Scanning electron microscopy (SEM) photographs yielded better detail in 
terms of describing the mineral content, diagenetic features, pore types and 
pore connectivity.  
4) Sequence stratigraphy was conducted on cored intervals. Gray-scale and 
XRF cycles were studied and compared with each other. The cycles 
supported the idea of Milankovitch cycles, and in the case of the Niobrara 
Formation, cyclicity is related to the Earth’s orbital movements.  
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5) Based on structural maps and cross-sections generated in the direction of 
NNW-SSE and WNW-ESE, the Niobrara Formation dips towards 
southwestern direction with a dip angle of approximately 6o, proving the field 
being located on the eastern flank, as well as its close proximity to the basin 
axis. Stratigraphic cross-sections in NNW-SSE and WNW-ESE directions 
indicated the deposition was fairly continuous throughout the duration. 
Isopach thickness maps depicted that the Niobrara Formation has a thickness 
of 465.3-494.6 ft. The B chalky marl interval has a thickness of 120-173.3 ft, 
whereas the C chalky marl interval thicknesses ranged from 79.1-114 ft. 
6) Geomechanical models were generated based on both mineral composition 
and well-logs. The geomechanical model, based on mineral composition, 
including the effect of organic carbon content, was found more useful than 
log-based (elastic moduli) model. The geomechanical model based on 
mineral composition was observed to capture changes in lithology better, 
especially by separating zones with increased carbonate influence, which 
might also be useful for understanding a better production method for the 
interval.  
7) X-ray diffraction analysis was performed on both cored intervals. The B 
chalky marl interval, on average, reflected 27% clay, 37% carbonate and 36% 
quartz, whereas the C chalky marl interval reflected 31% clay, 40% carbonate 
and 29% quartz. The carbonate content in the B chalky marl interval ranged 
from 28-39% with clay content changed between 25% and 32%. The C chalky 
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marl interval contained carbonates in the range of 25-54% and clay content in 
between 21-44%.  
8) X-ray fluorescence analysis was conducted in order to perform elemental 
analysis on the cored intervals and to test the methods ability to aid 
information on lithology. The results of XRF analysis were found useful for 
understanding the oxic\suboxic\euxinic\anoxic nature of the depositional 
sequences by using S, V and Mo. Detrial vs. authigenic enrichment of 
elements were studied by using cross-analysis of Al, Ca, Si, Fe and Zr. As a 
result, S, V and Mo enrichments took place under reducing conditions, which 
also provided an environment for organic carbon preservation. Ca is 
authigenically enriched, whereas Si was detrital sourced. Uranium, although 
reflected very weak positive correlations with authigenically enriched 
elements, was used for TOC modelling and resulted in applicable trends.  
9) Scanning electron microscopy was used to describe the mineral content of 
the cored intervals. As a result, organic carbon, quartz, calcite, potassium and 
plagioclase feldspars, pyrite, and mixed illite/smectite were identified using 
EDS analysis. 
10) Source rock analysis was performed on cored intervals in order to understand 
the source potential of the Niobrara Formation. Based on SRA, the B chalky 
marl interval reflected TOC in the range of 2.37-2.88 wt.%. The C chalky marl 
interval reflected organic carbon content in the range of 2.04-4.78 wt.%, and 
defined excellent source rock potential for both intervals. Higher S2 values 
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compared to S1 values were interpreted as intervals having much more 
potential for generation. However, S1 values in the range of 1.84-2.89 mg 
HC/g rock for the B chalky marl interval and 2.36-5.68 mg HC/g rock for the C 
chalky marl interval yielded high potential for production. Nonetheless, the C 
chalky marl interval reflected higher TOC and PI values, thus was interpreted 
as the best source interval in the study. Both intervals corresponded to good 
to excellent organic richness, good to excellent hydrocarbon potential, a 
mixed-oil and gas prone organic matter type (both Type II and Type III), and 
potential to produce oil and gas. Kerogen type was defined based on S2 vs. 
TOC, pseudo Van Krevelen diagram (OI vs. HI) and HI vs. Tmax. Based on PI 
vs. Tmax, intervals reflected intensive generation and expulsion. 
11) Vitrinite reflectance was measured on three data points from the B chalky 
marl interval. The analysis combined with Tmax values obtained from SRA, 
was used to understand the organic matter maturity. The vitrinite reflectance 
range of 0.72-0.74% was interpreted as organic carbon corresponding to 
early/peak oil generation window. However, presence of Type-III kerogen 
resulted in a fraction of gas generation, also indicated by gas saturation 
values on SRP analysis. Tmax values obtained from the B chalky marl interval 
(444-445 oC), supported the VR values. The C chalky marl interval reflected 
Tmax values of 445-449 oC, and yielded slightly more mature organic matter.  
12) Burial and thermal history models revealed that the Niobrara Formation 
entered the oil window at approximately 6,600 ft. depth 69 Ma. The formation 
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is mature enough to generate oil and associated gas in the western part of 
the PRB. 
13) Water Saturation models were created to reveal the hydrocarbon bearing 
zones, as well as zones with increased water saturation. Four different 
models were found to be applicable for water saturation analysis, namely, 
Archie’s, Dual Water Saturation (SLB), Simandoux and Indonesian methods. 
Among these methods, only Archie’s and Indonesian methods were able to 
match the values measured on SRP. Although, Archie’s equation is mainly 
used for conventional reservoirs, the method yielded applicable trends. On 
the other hand, the Indonesian method, which incorporated the effect of 
shales, was found more applicable in terms of defining water saturation in the 
Niobrara Interval. Both intervals displayed water saturation values less than 
50% and defined good pay zones. 
14) TOC Modeling was conducted to extend the measurements made on SRA to 
get a better understanding of the organic richness. Passey and uranium 
enrichment methods were applied. The Passey method reflected TOC values 
compatible with the SRA results. Uranium enrichment revealed near perfect 
correlations with SRA results. 
15) Quantitative porosity and permeability values were obtained from Shale Rock 
Properties (SRP). As a result, the porosity character of the cored intervals 
reflected nanopore types. Dry helium porosities for the B chalky marl interval 
ranged between 4.8-6.1%, whereas the C chalky marl interval reflected 
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porosity values in the range of 5.8-8.8%. The reason behind the elevated 
porosity values in the C chalky marl interval was attributed to the interval 
displaying more carbonate content. Moreover, its more bioturbated nature 
resulted in homogenization of the interval.  
16) Reservoir characterization frameworks provided for both cored intervals 
displayed elevated potential in units with higher calcium content, higher 







1) ECS (Elemental capture spectroscopy) logs have provided valuable 
information. Thus, taking ECS logs might be useful for understanding mineral 
models. 
2) XRD analyses provide scientifically more applicable results. Especially in 
mudrock sequences, where composition is very heterogeneous, conducting 
XRD analyses in a more tightly packed intervals would provide a better 
understanding of the composition. 
3) Cores provide important information on the depositional environment and 
allow for further lab analyses. Coring as many intervals as possible would be 
better in terms of understanding the lateral and vertical variations in 
heterogeneous mudrock sequences. 
4) NMR (Nuclear magnetic resonance) logs have proven to be a useful tool in 
understanding different fluid types in pores, as well as, providing a solid 
understanding of the pore types. NMR logs are also useful for differentiating 
between bound water, bound hydrocarbon, irreducible water, irreducible 
hydrocarbons, free water and free hydrocarbons. NMR logs also provide 
valuable information on saturation characteristics, which is extremely difficult 
to get in a working model in mudrock sequences.  
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5) The Frontier Formation, which is a producing interval, should be tested for its 
hydrocarbon origin, whether the hydrocarbons are being provided from the 
Niobrara Formation, Mowry Formation or a combination. The analysis is 
possible by comparing sterane and alkane responses from whole oil gas 
chromatography to Niobrara and Mowry whole oil gas chromatographs. 
6) PRB has been a focal point for coal bed methane exploration. Considering 
vertical migration is present, the influence of Niobrara Formation on tertiary 
coal beds should be examined to see if the Niobrara Formation is providing 
gas. The gas contents found in coal beds should also be examined for their 
thermogenic versus microbial origin by applying carbon isotope studies.  
7) Quantitative porosity and permeability measurements from SRP cannot be 
trusted since analyses is done on crushed samples. Additional, GRI, TRA, 
RCA, etc. should be applied.  
8) The sequence stratigraphic framework needs to be improved by adding 
biostratigraphy. Such a high resolution sequence stratigraphy might provide 
valuable information on the Niobrara Formation and make it possible to 
correlate reservoir units throughout the Rocky Mountain Basins. 
9) Uranium content taken from XRF was proven to be a useful tool to 
understand the organic rich nature of the Niobrara Formation, thus taking 




10) If petrophysical analyses are going to be conducted, open-hole logs need to 
be corrected for environmental factors for more accurate results. 
11) An outcrop study around Alcova Reservoir and Douglas, Wyoming might 
prove useful for understanding basin wide variations in the Formation.  
12) Production techniques should be re-evaluated, especially in terms of fracking. 
The Trabing Field reflects much more potential than it is actually producing so 
the production techniques applied are questionable.  
13) Understanding the reservoir pressure to pinpoint locations with elevated 
pressure values are immensely important for production.   
14) Trabing Field is an open field which needs to be tested for not only the 
potential of the Niobrara Formation, but also the Muddy Formation, Mowry 
Formation, Frontier Sandstone, Sussex-Shannon Sandstone, Parkman 
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Figure A.3 Core view of the Niobrara B chalky marl interval from the Buffalo 14 1FH 




Figure A.4  Core view of the Niobrara B chalky marl interval from the Buffalo 14 1FH 









APPENDIX B  
SEM MINERAL IDENTIFICATION 
 




































APPENDIX C  
DETAILED CHEMOSTRATIGPAHIC PROFILES 
 








































APPENDIX D  
BURIAL HISTORY MODEL PARAMETERS 

















Lithology Organofacies Kerogen Type
Neogene Tectonism Erosion 0.01 -1,000 None    
Alluvium Formation 10 0 1,000 None Conglomerate (typical):36   
Wasatch Formation 35 1,000 1,910 Reservoir Sandstone (clay-rich):3   
Fort Union Formation 56 2,910 3,500 None Sandstone (clay-rich):3   
K/T Hiatus Hiatus 64 None    
Lance Formation 66 6,410 1,822 None Sandstone (clay-rich):3   
Fox Hills Formation 70 8,232 138 None Sandstone (clay-rich):3   
Lewis Formation 74 8,370 590 None Shale (typical):20   
Teapot Formation 77 8,960 211 Reservoir Sandstone (typical):2   
Parkman Formation 78 9,171 443 Reservoir Sandstone (typical):2   
Steele Formation 79 9,614 442 None Shale (typical):20   
Sussex Formation 80 10,056 358 Reservoir Sandstone (typical):2   
Shannon Formation 81 10,414 1,290 Reservoir Sandstone (typical):2   
Niobrara A Chalky Marl Formation 82.5 11,704 25.2 Source-Reservoir Limestone(Chalk, 40% calcite):58 Marine clastic (Pepper & Corvi '95) Type II (Tissot '87 Paris Basin)
Niobrara A Marl Formation 84 11,729.20 91.8 Source-Reservoir Marl:59 Marine clastic (Pepper & Corvi '95) Type II (Tissot '87 Paris Basin)
Niobrara B Chalky Marl Formation 85.5 11,821 139.7 Source-Reservoir Limestone(Chalk, 40% calcite):58 Marine clastic (Pepper & Corvi '95) Type II (Tissot '87 Paris Basin)
Niobrara B Marl Formation 87 11,960.70 105.3 Source-Reservoir Marl:59 Marine clastic (Pepper & Corvi '95) Type II (Tissot '87 Paris Basin)
Niobrara C Chalky Marl Formation 88 12,066 102.7 Source-Reservoir Limestone(Chalk, 40% calcite):58 Marine clastic (Pepper & Corvi '95) Type II (Tissot '87 Paris Basin)
Carlile Formation 89.5 12,168.70 215.9 None Shale (organic-lean, silty):23   
Frontier Formation 93.4 12,384.60 115.4 Reservoir Sandstone (typical):2   
1st Frontier Formation 97 12,500 672 Reservoir Sandstone (typical):2   
Mowry Formation 100.5 13,172 292 None Shale (organic-lean, siliceous, typical):24   
Muddy Formation 120 13,464 38 None Sandstone (clay-rich):3   
Skull Creek Formation 128 13,502 82 None Shale (organic-lean, typical):21   
Dakota Formation 135 13,584 104 None Sandstone (clay-rich):3   
Fuson Formation 140 13,688 72 None Shale (typical):20   
Lakota Formation 143 13,760 28 None Sandstone (typical):2   

































Niobrara B Chalky Marl 11,825.90 445 0.72 1.84 7.54 0.72 2.65 284.53 27.17 0.2
Niobrara B Chalky Marl 11,830.10 445 - 2.32 7.97 0.84 2.62 304.2 32.06 0.23
Niobrara B Chalky Marl 11,835.30 445 0.73 2.04 6.3 0.82 2.41 261.41 34.02 0.24
Niobrara B Chalky Marl 11,841.50 444 - 2.68 8.24 0.84 2.79 295.34 30.11 0.25
Niobrara B Chalky Marl 11,848.00 445 0.74 2.89 7.59 0.71 2.37 320.25 29.96 0.28
Niobrara B Chalky Marl 11,856.00 445 - 2.76 9.08 0.65 2.88 315.28 22.57 0.23
Niobrara B Chalky Marl 11,868.50 445 - 2.23 7.64 1.04 2.7 282.96 38.52 0.23




APPENDIX E  
ADDITIONAL SUBSURFACE MAPS 
 








































APPENDIX F  
ADDITIONAL CORE PHOTOS THIN SECTION IMAGES AND SEM 
PHOTOMICROGRAPHS 
 
Figure F.1 Faintly laminated to laminated marlstone facies on core scale from the B 
chalky marl interval. 
 
 
Figure F.2 Faintly laminated to laminated marlstone facies on core scale from the C 




Figure F.3 Faintly laminated to laminated marlstone facies on thin section scale from the 




Figure F.4 Faintly laminated to laminated marlstone facies on thin section scale from the 




Figure F.5 Faintly laminated to laminated marlstone facies on SEM scale from the B 




Figure F.6 Faintly laminated to laminated marlstone facies on SEM scale from the C 


































Figure F.13 Moderately to heavily bioturbated marlstone facies on core scale from the B 
chalky marl interval. 
 
 
Figure F.14 Moderately to heavily bioturbated marlstone facies on core scale from the C 





Figure F.15 Moderately to heavily bioturbated marlstone facies on thin section scale 










Figure F.17 Moderately to heavily bioturbated marlstone facies on SEM scale from the 





Figure F.18 Moderately to heavily bioturbated marlstone facies on SEM scale from the 













Figure F.21 Fractured marlstone facies on SEM scale from the C chalky marl interval. 
 
 




Figure F.23 Bentonite facies on core scale from the C chalky marl interval. 
 
 
Figure F.24 Bentonite facies on thin section scale from the C chalky marl interval. 
